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PART I
THE FATE OF THE ANILINO MOIEI'Y IN THE
REARRANGEMENT OF ~-ANILINOKEI'ONES

SECTION I

INTRODUCTION
Treatment of phenacyl bromide (I) with heat in the presence
of an excess of aniline gives 2-phenylindole (III) (1) instead of
3-phenylindole (IV) which woul.d be expected on the basis of simple
displacement of the bromo group by the aniline followed by ring
closure.

This unexpected result has prompted considerable

research effort over a period of eighty yea.rs.

{JlcH2Br

6

gg~H2

+

II

ONH2

111 H

Three years previous to the reported synthesis of 2-phenyli ndole, Engler (2) had reported the formtion of phenacyl aniline
(II ) from phena.cyl bromide (I) and aniline under milder conditions
than those required for indole formation.

It is not unreasonable

then that phenacyl aniline should be thought to be the intermediate in indole synthesis.
phena.cyl aniline.

In fact indole may be produced from

The feature difficu1t to explain is the formation

of the 2-isomer (III) rather than the 3-isomer (IV).

Fisher and Schmidt (3) isomerized 3-phenylindole to
2=phenylindole by :fusing the former with anhydrous zinc chloride.
Tnis suggests that 3-phenylindole could be an intermediate although
such a rearrangement was not demonstrated under the milder conditions used in the indole synthesi.s.
Bischler (4) demonstrated amine exchange during indole fornation.

When .2.""toluidine or N-methylaniline was heated with

phenacyl aniline the product was the 2-phenyl-7-methylindole or
the l-methyl-2-phenylindole, respectively.

The aniline had been

completely displaced and the free amine incorporated into the
product.

Bischler postulated his "diamine theory" to explain

these results.

He proposed that a molecule o:f free amine condensed

Q

II

V

Ill

VI

with th~ phenacyl aniline producing an anilinoanil (V) which then

loses the original amine with a concerted cyclization to give the
pseudoindole (VI).

The pseudoindole tautomerizes to the 2-phenyl-

indole (III) completing the reaction.

In further work with desylanilides and different anilines
Bischler (5) observed the same results as with the phenacyl anilineso
These results served to further substantiate his "diamine theory".

-4Bischler reported no minor products and was a pparently unaware
of the need for an acid catalyst (6, 7, 8).

This unawareness was

probably due to the presence of Si-bromoketone impurities in his
~-anilinoketones which reacted with the excess aniline to furnish
the necessary acid.
Strain (9) further substantiated the "diamine theory" by

preparing the proposed intermediate, Desyl anilinoanil, and converting it to the 2j3-diphenylindole by heating it in benzene
solution with hydrogen chloride.
In 1933 Julian and Pikl (10) treated l-methylanilino-3-phenyl2-propanone with aniline and a,c,id and heated the mixture.

From the

reaction mixture they were able to isolate not only the expected
2-benzylindole but also 1-methyl-3-benzylindole-.

The "diamine theory"

predicts that only the fonner compound should be obtained.

This was

the first suggestion that Bischler 1 s theory was in error.
Two isomerie~-anilinoketones (VII and VIII)were isolated by
McGeoch and Stevens (11) when they treated (2S=bromo-_.a-phenylpropiophenone with aniline.

This inform~tion in conjunction with

VII

V 111

that of Julian and Pikl's opens the door to another possible
mechanism for the indole synthesis.

This mechanism could involve

-5isomerization of VII to VIII followed by direct ring closure of
VIII with loss of water to form the pseudoindole.
of the pseudoindole would give the observed indole.

Tautomerization
A modification

of this mechanism was later suggested by Julian and his co-workers
(12).

In 1943, Crowther,

Mann and Purdie (13) reported the exchange

of amine moieties in phenacyl aniline without indole formation.
Phenacyl aniline was heated with free

2-toluidine and a

mixture of phenacyl aniline and phenacyl-:2,-toluidine was obtained.
This reaction is shown.below.

The following mechanism was suggested

py Crowther,

Mann

and

Purdie to account for indole formation through the initial loss of
the aniline moiety. The phenacyl aniline is protonated to form ll.

which on heating could presumably split out aniline leaving the
phenacyl carbonium ion (X).

The latter could then attack the

aniline in the ortho position giving XI which would lose a proton
to form 2,-aminobenzyl phenyl ketone (XII).
This mechanism would explain the following features:
(1)

The preferential formation of 2-phenylindole rather than
the 3-isomer.

Additional intermediate stability by the

maintenance of the carbonyl conjugation with the phenyl
group through most of the reaction.
(2)

The necessity for an acid catalyst.

The ionic mechanism

is initiated by the acid.
(3)

Amine exchange with and without indole formation.

With-

out indole formation by a reversal of step 1 with a
second amine and with indole formation by addition of the
carbonium ion to a second amine in step 2.
Supporting evidence for this mechanism was furnished by
Pictet's (14) observation that 2,-anilinobenzyl phenyl ketones will
cyclise to the corresponding indoles.
Verkace and his co-workers (15) also support the ortho
migration theory of Crowther, Mann and Furdie.

However, the value

of the contribution of Verkade is somewhat doubtful.

Much of their

work was done using anhydrous zinc chloride as the catalyst rather
than the conventional amine hydrohalide of the Bischler synthesis.
It has been pointed out that the two reactions probably go by
different mechanisms (16).

The compound type XIII when heated with

anhydrous zinc chloride ,g ave the indole (XIV) expected from direct
r~ng closure.

However, when the unmethylated compound (XV) was

heated with anhydrous zinc chloride there was no indole. formed,
but when excess aniline hydrobromide was used as the catalyst the

ZnClz

XIV

XIII

indole (XVI) was readily formed.

0

p-C H 3¢-C·CH-¢

xv

NH

¢

ZnCl2

I 7

HBr

0
¢-GCH-CH 3

f;JH
I

Y'

XVII

In 1945, Julian and his co-workers (12) published an extensive
paper in which they reviewed, step by step, the Bischler mechanism
in the light of their own work as well as that of their predecessors .

In this paper they reported the interconversion of the two
isomeric o(-aminoketones, one yellow (XVII) and the other colorless
( XVIII), in the presence of aniline hydrobromide.

Although this

information adds support to the mechanism of Crowther,

Mann

and Purdie

in that it could be used to explain why both XVII and XVIII give the
same indole (rearrangement occurs prior to the

migration), Julian

and his co-workers rejected this mechanism on the basis of the following
reactions.
Ol=Anilinopropiomesitylene was prepared by heating the
o(-bromoketone with aniline at elevated temper atures.

All attempts

-8-

to preps.re the indole from this ketone failed as was expected from
the standpoint of the Bischler mechanism.

There i.s just not

sufficient space a.round the carbonyl for the reaction with a second
molecule of aniline to occur.

On the other hand, the ortho

migration theory does not predict such a pronounced steric effect..
'!'he need for a second primary or secondary amine in the reaction
was demonstrated by first treating desylaniline (XIX) with aniline
and a few drops of hydrochloric acid and heating.

This reaction

produced an excellent yield of 2,J-diphel"J1'lindole (XXI).

Secondly

the same reaction was run with desyla.niline but dimethylaniline was
substituted for aniline.

No indole was found and 98% of the starting

material was recovered unchanged.
The desylanilinoanil (XX) was isolated from the reaction of
XIX with aniline and hydrochloric acid.

'fhis compound (XX) is the

postulated intermediate in the Bischler mechanism.

XIX

XX

The anilinoanil

XXI

(XX) was then converted to the indole (XXI) in excellent yields by

heating with a few drops of hydrochloric acid.
Julian and his co-workers concluded that the Bischler mechanism

was justified with some modifications but that direct ring closure
with loss of water cannot be ruled out as an alternative mechanism.

-9-

The following modification of the Bischler mechanism was postulated:
(1) Direct replacement of the ~-halogen or ~hydroxy group
by

(2)

an arylamino group.

Rearrangement of an arylaminoketone like XVII to X11III.
This rearrangement usually results in an equilibrium
mixture which could conceivably at times consist mainly
of one isomer.

(3) Reaction of the arylanilinoketone with a second mole of
(4)

aryl amine to form an anilinoanil.
in

Ring closure with elil}(a.tion of arylam.ine to form the indole.

SECTION II
THE ~-AMINOKEI'OOE REARRANGEMENT.

With the discovery of the interconversion of ~-aminoketones by
Julian and his co-worker (12), a whole new problem presented itself.
What is the mechanism of interconversion and what role does it play in
the Bischler indole synthesis?
Cowper and Stevens (17) were the first to do exten~ive work on the
rearrangement of ~-a.minoketones.

These workers using a desoJcyrbenz-

anisoin system demonstrated amine exchange both with and without
rearran.&ement.

Thus when 2-anilino-2-(4-m.ethox;yphenyl)-l-phenyl-

ethanone (XXII) was heated with p;-toluidine and £-toluidine hydrobromide
the rearranged ketone, (XXIII), containing the E,-toluidine moiety was
obtained.

However, when the aniline analog of XXIII was treated in

XXI I

the same manner with £-toluidine and ~toluidine hydrobromide, -n:III
was obtained showing amine exchange without rearrangement.
-10-

The Bischler-

-11Strain mechanism (Figure I) requires rearrangement with amine exchange.
·cowper and Stevens a.lso found that rearrangement could be achieved

by heating XXII with either a secondary amine (N-methylaniline) or a
tertiary amine {pyridine) and their hydrobromide ·salts.

Rearrangement of

XllI to 1:,he aniline analog of XXIII was effected smoothly and easily
without amine exchange.

This result is a.lso incompatable with the

Bischler-Strain scheme.

To rule out the possibility that a free primary

amine

was

generated in the system during the reaction they heated XXII

with desylanthranilic acid (XXV), pyridine and pyridine hyd.robromide.
The anthranilic acid moiety in XXV is easily replaced by aniline a.nd
there!ore·

any

free aniline produced in the system should give desyl-

+

\XV

XXI I

XXV

+

0~~2o(KH2

rg

XX IV

aniline as one product of the reaction.

Cowper and Stevens isolated

only XXIV, the 9'.-anilinoketone resulting from rearrangement of XXII,
and XXV and concluded that the amine moves strictly by an intramolecular
mechanism.
Cowper and Stevens decided that arylaminoketones can react in two
independent ways .

First by the Bi.schler-Strain mechanism (Figure I)

which requires a free primary amine.

And second, by an intramolecular

rearrangement (Figure II) involving a three-membered unsaturated ring
(azirine ring).

Compounds containing structures of this type have been

prepared (18, 19, 2:>).

-12-

·,; H2

j

,..,/..::.~

I.
I,'
I

·,

.

....

XXIV

Figure I.

Bischler-Strain Mechanism.

XXIV

XX II

Figure II.

Cowper-Stevens Mechanism.

In 1948, Brown and

Mann (21) published two papers dealing with indole

formation and in the second paper discussed, in detail, a mechanism for the
Q!'.-aminoketone rearrangement.

They dismissed the work of Cowper and

Stevens on the basis that

there is much evidence against the first,

11 • • •

{diamine intermediate) whilst the second {azirine ring intermediate) is
stereochemically improbable . "
Brown and Mann, in their experimental work, found that when 2anilino-2-(4-methylphel:'J1'l)-l-phenylethanone (XXVII) was heated alone
(195°C. for thirty minutes) or boiled in n-butanol either with or without aniline the starting material was recovered unchanged.

However, if

aniline hydrobromide was added to the solution the rearranged product,
2- anilino-1-(4-methylphenyl) 2-phenylethanone (XXVIII) was obtained and
i f the solvent was changed to allow higher temperatures, 2-phenyl-3p-tolylindole would result.

The results of Brown's and Mann's work are

shown in Table I.
Table I.
Ex:perimental resul~_s of-··Br..own and Mann.

n -BuOH
6 19 5 - 200° C.

6 n- BuOH

'---

0NHz ,

6 n-Bu OH

6

N.

R.

Q-y H-LQc

N. R.

0

NH

6 n -Bu OH
HBr · Ac OH

(Z)NHz

N. R.

\.

HJ

N
.R
.o XX;H3
d

-14Brown and

Mann

also reported the rearrangement of XXVII to XX.Vlll

by means of acid alone, implying that a free amine is not required for
rearrangement.

However, it has been recently shown by Leonard and Sentz

(22) that under strong acid conditions the ~=carbon-nitrogen bond in
~-a.minoketones is broken.

Hydrobromic acid in acetic acid, used by Brown

and Mann, is certainly stronger than the usual acid conditions of the
~-aminoketone rearrangement, aminehydrobromide in alcohol.
probable that the conditions used by Brown and

Mann

It is very

were capable of

generating sufficient free amine from the ~-aminoketone to catalyze the
rearrangement.
On the basis of their work

Brown and Mann proposed the mechanism

shown in Figure III to account for their observations

o

While this

mechanism provides for acid catalysis and amine exchange with rearrangements it does not provide for amine exchange without rearrangement,
catalysis by secondary and tertiary amine salts or o:x;rgen migration.
Weygand and Richter (23), treated phenacylaniline with isotopic
labeled aniline (C-14) and aniline hydrobromide and found that the
aniline ( C-14) was evenly distributed between the resulting indole and
the aniline residue.

The same results were obtained when !!!-bromoaniline

(Br-82) was used instead of aniline ( C-14).

The only justifiable con-

clusion that :may- be reached on the basis of the above results is that
amine exchange does occur under the conditions used with free primary
amine and acid.
Lutz and Baker (24) suggested a mechanism, in 1956, for the
rearrangement of g::-am:i.noketones which differs from the Bischler-Strain
mechanism in that there is one more step.

An amino group adds to the

1

0
RC-C 1---IR?

I

1

0
f-fGCH-f-\
I
2
NH

II

II

I

R,

+NI u ;_
I I/
P\, ,_

F

OH

R-C-CH-R
I

1+

I

NH

2

I

R,

-H

+

0II
R-CH~C-R
I
2
NH
RI
1

I

Fitu.re III.

Mechanism of Brown and Mann.

OH

Rz

O o·CH3

anil..-carbon of the anilinoanil (XXIX) intermediate forming a triamino
compound (XXX) which loses one amino group forming another anilinoanil

I

-C- CH-

NH
I
-C- CHH~

XXIX

XXX

N
NH
I

(XXXI).

NH

I

N
II

-C-CH1

I\JH

XXXI

There was no experimental evidence submitted in support of this

mechanism, and it fails to provide for rearrangement without exchange
using tertiary amine salts as catalysts.

In 1958, Nelson and Seefeld (25), in an attempt to elucidate the
mechanism of oxygen transfer, reported a rearrangement experiment using
2-anilino-l-phenyl-1-propanone (XXXII) and aniline hydrobromide in 0-18
enriched water (0-18)-ethanol solution.

The product of the rearrangement,

l-anilino-l-pheny}-2-propanone (XXXIII), contained less 0-18 than the
recovered starting material.

Apparently oxygen exchange without rearrange-

ment occurs but at a slower rate than does the r earrangement and more readily with XXXII than with XXXIII .

If oxygen exchange occured with rearrange-

ment the 0-18 content of XXXIII would have been higher than that of XXXIL

-17As the reverse is true, Nelson and Seefeld concluded that the rearrange-

ment is intramolecular with respect to the oxygen migration.

The .

mechanism shown in Figure IV was then proposed.
The fact that the oxygen movement is intramolecular, as shown by
Nelson and Seefeld, makes it unlikely that the nitrogen moiety also moves
intramolecul_a rly in the presence of secondary and tertiary amine catalysts,
as suggested by Cowper and Stevens.

Brown and Mann I s and Weygand and

Richter's work was with primary amine salts as catalysts which, although
their work shows intermolecular movement of the amine, cannot be extended
to the case of catalysis by secondary and tertiary a.m:i,!le salts where · amine
exchange with the catalyst is not possible.

The present investigation

was undertaken in an attempt to determine the method of migration of the
amine in rearrangements catalyzed by tertiary amine salts.

The mechanism

proposed by Nelson and Seefeld (Figure IV) was used as a working
hypothesis.

-18-

XXXll

<Q>-¢-CHCHi-O-NH2
0

"Y - ~-C-H·C H3
+QH

©

©

NH

I -~

XXXVI

fH

OH
~~=C-CH3
NH

0

NH

0

',,

o-~HgCH3

6
NH

I

XXXI I

XXXVII

A

XXXIII

+

e

Figure IT.

XXXV

B

-f: C

Mechanism of Nelson and Seefeld; A, with prinary amine
catalyst; B, with tertiary amine catalyst.

SECTION III
DISCUSSION
ol-Anilinopropiophenone system
Introduction.-- In order to determine the role of the nitrogen
moiety in the Q(-aminoketone rearrangement it was decided to use the
~-anilinopropiophenone system used by Nelson and Seefeld.

Two different

compounds (XXXIX) were prepared, one labeled in the para position of
both the phenyl and anilino groups with chlorine and the other labeled
in the same positions with bromine.

The nature of the products result-

ing from a mixed rearrangement of these two ketones would throw additional light on the mechanism of the rearrangement.

If the nitrogen

moiety moves in an intramolecular manner the only products expected from
a mixed rearrangement would be those expected from separate rearrangements of the two ketones.

xQgYHCH 3
NH

LO
I

If on the other hand, the nitrogen moiety

(QNH b r
INT RA

· x=Y

INTER

X=Y

+

X~Y

y

xQyHgCH 3

¢

NH

y

XL

XXXIX

moves intermolecularly it would be expected that the products of the

-19-

-20-

reaction would contain some molecules with both chlorine and bromine
in the same molecule.

Inspection of the reaction scheme shown above

reveals that in the reaction mixture of a mixed rearrangement at
equilibrium there would be eight different molecules if the nitrogen
moiety moves intermolecularly.

And there would be four different

molecules if the nitrogen moiety moves intramolecularly.
Rearrangement .~ In order to use this 0'.-anilinopropiophenone system
it was first necessary to demonstrate that the halogen substituted
g;--anilinoketones would rearrange.
The chlorine substituted ~-anilinoketone was dissolved in refluxing ethanol and the following catalysts-used in four different experiments:

Equimolar amounts of (1) pyridine hydrobrominde; (2) "t-picoline

hydrobromide; (3) ,12-chloroaniline hydrobromide and (4) hydrobromic
acid.

In addition to these the chl.oro 0(-anilinoketone was dissolved

in refluxing pyridine with an equimolar quantity of pyridine hycirobromide as the catalyst.

In all of these experiments the only one in

which rearrangement was observed was the one catalyzed by ~chloroaniline hydrobromide.

Because this ~-anilinoketone failed to rearrange

with a tertiary amine catalyst the system was abandoned.
~-Anilinodesylbenzanisoin systeJ!l
Introduction.- It was felt that the 2-(4-haloanilino)-2(4-methoxyphenyl)-l-(4-halophenyl) ethanone system (XLI) would very
likely rearrange with a tertiary amine catalyst due to the driving force
of conjugation of the carbonyl with the anisyl group.

The compounds were

labeled in the para positions of both the phenyl and anilino groups with
either chlorine or bromine.

A mixed rearrangement of these two compounds

would give the same information as would have been obtained from the

-219:'-Anilinopropiophenone system.
Synthesis.- The ~-anilinodesylbenzanisoins were prepared by a
benzoin condensation of the :e,-halobenzal.dehyde with anisaldehyde to give
the 12,'-halobenzanisoin as shown by the reaction below.

The :e.' -halo

compound is the expected product (26) of this reaction as well as the

0

X~C-r.
.~ 1 1

+

actual product.

CH 30

0' 1 H
-<&3c0 .

The 11'-hal.obenzanisoin was then refluxed with 12,-halo-

aniline in toluene with phosphorus pentoxide as the catalyst (Voigt
reaction) to give the ~-anilinoketone (XLI) (24).

Periodic acid oxida-

tion of XLI gave anisaldehyde and 12,-chlorobenzoic acid with some anisic
acid.

Rearrangement. -

A sample of the chloro isomer of

m

was dissolved

in ethanol and ~-picoline hydrobromide was added as the catalyst.
reaction mixture was refluxed for 144 hours.
a melting point

was

The

After isol.ating the product,

t aken and found to be almost twenty degrees lower

than that of the starting material.

Both the ultra-violet spectrum and

the infrared spectrum indicated that the compound had rearranged.
The rearrangement experiment was repeated using refluxing ethylene
glycol as the solvent and running the reaction for only two hours .
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XL !
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The product of this reaction is the same as that of the previous reaction
as shown by the infrared and ultra-violet spectra.
With the experimental verification of rearrangement using a
tertiary .amine salt as the catalyst the mixed rearrangement (crossover
experiment) was run.
Equimolar amounts of the chloro 9'.'-anilinoketone, the bromo
~-anilinoketone and t-picoline hydrobromide, the catalyst, were heated
together in ethylene glycol.

The solvent and catalyst were then removed

and the products were placed in a one hundred-tube Craig counter-current
extractor using a nitromethane-cyclohexene distribution system.

..

This

failed to give the desired separation of the products and so the reaction
mixture was submitted for mass spectral analysis.

The mass spectral

analysis indicated intermolecular migration of the nitrogen moiety by
showing the presence of both bromine and chlorine in t,he same .fragments.
Infrared spectra.- The infrared spectra of the bromo ~-anilinoketone (XLI) and the chloro ~-anilinoketone (XLI) are essentially
superimposable with some small differences in the longer wavelengths.
The peak at 1093 cm- 1 in the spectrum of the chloro compound and the peak
at 1073 cm-1 in the bromo compound appear to be characteristic of the

respective halogens in the para position.
The carbonyl band shifts from 1678 cm-1 in the starting ketone

-23=
(XLI) to 1664 cm-l in the rearranged ketone (XLII) .

Such a shift is

compatable with the change in conjugation from halo to methoxyl.
The infrared spectra are compatable with the structures.

The

infrared spectra are shown in Figures VII to XV.
Ultra-Violet spectra.-The ultra-violet spectrum of the bromo
<X-anilinoketone shows a maximum at 258 mµ. (Figure XVI) and the spectrum
of the chloro ~anilinoketone shows a maxinrum at 256 mµ, (Figure XVII).
Considering the fact that increased molecular weight causes a bathochromic
shift the agreement with the spectrum of E,-Chloroacetophenone
is good (Figure XVIII).

(A

max

251 mp.J

The spectrum of the rearranged chloro ~amino-

ketone shows two maxima, one at 266 mµ. and the other at 285 mµ. (Figure
XX).

E,-Methoxyacetophenone has a single maximum at 272 mµ. (Figure XIX.)

Lutz and Baker report a maxinrum for the non-halogenated analog of XLII
at 280 mµ.

The spectra of £_-methoxyacetophenone, E,-Chloroacetophenone,

the chloro Q(-anilinoketone (XLI) and the rearranged chloro e!'.--anilinoketone (XLII) are compared in Figure XXI.
Mass

of the two pure halogen substituted

,e:.-anilinoketones (XLI), and the products from two different mixed
rearrangement experiments (expts. 60-H and 61-H) were submitted to Shell
Development Laboratories for mass spectral analysis.

The parent peaks

were found to be less than expected by the mass of water.

Apparently

the molecules lost a molecule of water while being introduced into the
mass spectrophotometer.

This is not surprizing when one considers the

ease with which compounds of this type form indole with the loss of water.
~<The mass spectrometric analyse s were run by Don Schissler of
Shell Development Laboratories.
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The mass spectrum of the bromo':::$=a.nilinoketone (XLI) shows ion
currents at 3o6 (loss of the ;e-bromoanilino group) , 173 (the i-bromoanilino
group), 442 (loss of the methoxyl grou:p from the ketone or the methyl group
from the indole), 338 {loss of the E-bromobenzoyl group), 157 (the bromo-

phenyl group), 135 (the loss of the ;E.""bromobenzoyl group and the bromo-

phenyl group), and 121 ( the E-metho~benzal group).
is shown in Figq.r~ : V.

This fra.gmenta. tion

The curved broken lines show the rupture points and

the fragments and the numerals show the weight of each fragment.

The spectrum

of the chloro o<.-anilinoketone is completely analogous to that of the bromo
compound.
The spectrum of the mixture from the mixed rearrangement experiments
shows all of the ion currents found in the spectra of the pure bromo and
chloro S:S--anilinoketones and in addition fragments containing both
bromine and chlorine atoms.
To eliminate the criticism that aniline exchange coul.d have occured
during the heating and introduction of the sample, from the mixed rearrangement, into the mass spectrophomometer, a. mechan_ical mixture of the pure
bromo and chloro compounds was introduced into the instrument and the spect rum
obtained.

There was no evidence for both bromine and chlorine in the same

molecule; i.e. the spectrum of the mixture was simply that resulting from
superposition of the pure bromo~=a.nilinoketone spectrum over the pure
chloro~•anilinoketone spectrum&

Therefore the exchange of anilino groups

occured during the rearrangement reaction.
Mechanism of rearrangement
On

the basis of the experimental evidence previously discussed the

rearrangement of~-aminoketones proceeds by an intermolecular mechanism
with respect to the nitrogen moiety.

The mechanism shown in Figure VI

=25=
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Figure V.
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\

Fragmentation of the bromo ~=anilinoketone (XLI) and of
the indole resulting from it .

-26is proposed to explain the rearrangement of 0(-aminoketones.

Mechanism

A applies to rearrangement catalyzed by primary amines in which amine
exchange occurs.

Mechanism B applies to rearrangements catal.yzed by

tertiary amines in which rearrangement is accomplished without amine
exchange.
The movement of the 02cy"gen is intramolecular

as

was shown to be

the case by Nelson and Seefeld.
Recently C. L. Stevens, M. E. Mink, and P. filum.berge (27) reported
the formation of ~-hydroJcy'imines from ~haloketones containing no
~-hydrogens.

This result would be predicted by mechanism A in Figure

IV and serves to substantiate the proposed mechanism. · The intermediate
proposed by Stevens is the same intermediate as is proposed in Figure
VI.

Precedence for this intermediate is the r ormation of epoxyethers

· from ~-haloketones treated with alkoxide ion (28, 29).

These presumably

react by carbonyl addition to form the anion followed by displacement of
the halogen with ring closure.
The proposed mechanism provides for:
1.

Acid catalysis

2.

Intramolecular oxygen migration

3.

Catalysis by primary, secondary or tertiary amines

4. Amine exchange without rearrangement by reversal of the
first step

5. Amine exchange with rearrangement as shown in Figure VI,
mechanism A

6.

Rearrangement without amine exchange as shown in Figure VI,
mechanism B

The exact details of the hydrogen transfer steps are not known.
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7

Mechanism A

Mechanism B
Figure VI.

Proposed mechanism for the o<-aminoketone rearrangemento
Mechanism A is for pri.m9.ry amine catalysts and
mechanism Bis for tertiary amine catalysts.

SECTION IV
EXPERIMENTAL DETAILS
~-Chlorobenzanisoin.- (expts. 20-H, 22-H) o To 136 g. (1 mole,

Mo C.

&

B., reagent grade) anisaldehyde dissolved in 175 ml. of ethanol

in a 500-ml. round-bottomed flask was added 21+ g. (0.368 moles , reagent
grade) potassium cyanide dissolved in 80 ml. of water.
immediately turned a deep red.

The mixture

This mixture was heated to reflux temp-

erature and during this time 140.5 g. ( 1 mole, M. C. & B., reagent
grade) E,-Chlorobenzaldehyde was added by means of a dropping funnel.
The reaction mixture was refluxed for an additional hour after the
£Chlorobenzaldehyde had been added.

The heat was turned off and the

mixture allowed to stand for 12 hours.
time.

Two phases separated during this

The mixture was poured into a 500-ml. Erlenmeyer flask and stored

at 0° C. for 21+ hours.

Cnce again two phases were obtained.

The lower

phase had solidified but the upper phase containing many c·r ystals was
still fluid.

The upper phase was decanted and filtered , the crystals

were recrystallized from Skelly C and set aside.

The lower, solid

phase was placed in a Buchner funnel and as much oil as possible was
pressed out .

The solid was extracted with Skelly C to remove the pro-

duct which was then crystallized and the crystals added to the previous
crystals.

The white product was recrystallized from ethanol and dried

in a vacuum drying pistol.

M. P. 80.6-82.8°C. (lit . (26) 84.5-85 .5°C.).
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-29Yield 11%.
p'-Bromobenzanisoin.- (expt. 48-H) To 47.5 g. (0.35 mole, M. C. & B.,
reagent grade) anisaldehyde in a 500-ml. round-bottomed flask equipped
with a condenser was added 60 ml. of 95% ethanol and 8.4 g. (0.129 mole ,
reagent grade) potassium cyanide dissolved in 30 ml. of water.

This

mixture was heated and 65.5 (0.35 mole, B. Y. U. Chemistry Department)
of _£-bromobenzaldehyde dissolved in 200 ml. 95% ethanol was added in
two separate additions.

The reaction mixture was refluxed for an hour

after the ,E-bromobenzaldehyde had been added.

Most of the alcohol was

distilled off leaving a red solution which on cooling separated into two
phases.

The reaction mixture was cooled by setting the reaction vessel

on a cake of dry ice.
phase was decanted.

This solidified the lower oil phase and the upper
The oil phase was melt ed and the sides of the

container scratched to induce crystallization.

Both phases were allowed

to stand at room temperature for 48 hours • At the end of this time
crystals were found in both phases and wer e collected in a Buchner
funnel.

The product was recrystallized from ethanol but still appeared

to be somewhat impure.

However, the pr oduct reacted well with .E,-bromo-

aniline to form the ~-anilinoketone and so no further attempts at purification were made.

M. P. 67°c. Yield 26%.

2-Chlorochalcone.-- (expt. 27-H)

The procedure is that of Beckel (30).

The reaction mixture was prepared by adding 75 g. 2,-chlorobenzaldehyde
(0.54 moles, Eastman, reagent grade) to 63 g. acetophenone (0.53 moles,
Eastman, reagent grade) dissolved in 200 ml. 99% methanol.

A solution

containing 14 g. sodium hydroxide (0.35 mole, Mallinckrodt, U. S. P.
grade) dissolved in 100 ml. of methanol was added rapidly to the reaction
mixture and the mixture was cooled and stirred in an ice bath for

-30approximately one hour.

Distilled water (300 ml.) was then added drop

by drop to the reaction mixture over a period of 30 minutes with
continued stirring.

Stirring was continued for another JO minutes.

The reaction mixture was cooled overnight at O°C.

Crystallization

failed to occur and so the reaction mixture was cooled in an icesodium chloride cooling mixture.

The product separated out as a tan

solid which was separated from the reaction mixture by decanting the
methanol solution.

Water was added to the solid and the mixture was

allowed to warm to room temperature where it was left overnight.

By

morning some crystallization had occured and when the mixture was
placed in an ice bath and stirred the product readily crystallized out.
The crystals were collected in a Buchner funnel and washed with cold
water followed by cold 50% water-methanol solution.

•

The material was not

purified further but was used directly in the synthesis of ~(2-chlorobenzyl) acetophenone.

cx'.-(2-Chlorobenzyl)acetophenone.- (expt . 29-H).

The crude 2-

chlorochalcone, 26 g. (0.1 mole) prepared in experiment 27-H was
dissolved in 150 ml. of ethyl.acetate and placed in a Parr low pressure
hydrogenation bottle with O. 2 g. platinum oxide as catalyst.
hydrogen pressure in the bottle was 35 psi.

The initial

This pressure slowly dropped

to 25 psi., and remained steady at the end of the run.

The pressure was

released and the reaction mixture filtered to remove the catalyst.

The

ethyl acetate solvent was distilled off and the oil residue was allowed
to set 12 hours.

A small amount of methanol was added to the oil.

Crystallization proceeded slowly.
Buchner funnel.

The

The crystals were collected on a

light brown crystals. were recrystallized from

ethanol to give cream colored needles • M. P. 43-47 °C.

Yield 17. 9%.

-31p-Chlorobenzyl chloride.- (expt. 31-H)
Kharasch and Brown (Jl).

The procedure is that of

A 250-ml. round-bottomed flask was partially

filled with 100 g. of :e.-chlorotoluene (0.79 mole, Eastman, reagent grade).
To this was added rapidly 53.4 g. sulfuryl chloride (0.395 mole,
Eastman, practical grade) and 0.48 g. benzoyl peroxide (0.002 mole,
Eastman, reagent grade).
-

approximately 16 hours.
tional distillation.

The reaction mixture was refluxed for
The reaction mixture was separated by frac-

The fraction distilling over in the range 138-142°C.

at 80 mm. of mercury was retained (32 g.) and the remainder discarded.
B. P. 138-142°C. (80 mn.).

Yield 25%.

p-Chlorophenylacetonitrile.- (expt. 32-H).

A JOO-ml. round-

bottomed flask was charged with 19.8 g. potassium cyanide (O .JO mole,
reagent grade) and 10 ml. of distilled water.
stirring while 90 ml. of 95% ethanol was added.

This was heated with
The solution became

cloudy and so an additional 8 ml. of distilled water was added.

To

this hot reaction mixture was added 32 g. 12,-chlorobenzyl chloride
(0.2 mole, made in exp. 31-H).

The reaction mixture was refluxed with

stirring for 75 minutes and then allowed to stand for approximately 16
hours and refluxed for another 4 hours with stirring.

The reaction

mixture was diluted with approximately an equal volume of water and
extracted with ethyl ether.

The ether extract was distilled at at~

mospheric pressure to remove the ether.

The pressure was then reduced

to 1 mm. of mercury and the fraction distilling from .75-86°C. was
collected (13 g.) in an ice water cooled flask.

The product solidified

to a white crystalline solid which melted a little below room temperature
forming a colorless liquid.
Yield 43% .

B. P. 75-86°C. (1 mm.) n24°4n 1.5390 .

-32p-Chlorophen:ylacetone.- (expt. 33-H).

A 500-ml. round bottomed

flask was half filled with anhydrous ethyl ether (250 ml.) and lJ.5 g.
of magnesium metal alloy (0.55 mole, Central Scientific, Grignard reagent)
was added.

The mixture was slowly refluxed during this addition.

the iodomethane was added the mixture was
mixture

was

a

dirty grey color .

After

To this

added drop by drop £-Chlorophenylacetonitrile (0.086 mole,

made in exp. 32-H) dissolved in 50 ml. of o-:xylene {M. C. & B., reagent
grade).

After the last of the £-Chlorophenylacetonitrile had been added

the ethyl ether was distilled off and 100 ml. of 2-:xylene was added at
the same rate as the ether distilled off .

The mixture

was

maintained just

at boiling for an additional hour and was then poured over 500 g. of ice
and 300 ml. of concentrated hydrochloric acid.
extracted with ethyl ether .

The organic material was

The ether was removed by distillation and

the product fractionally distilled at 20 mm. pressure .

Two fractions

were obtained; A, distilling from 69-79°C. (15 ml.) and B, distilling
from 80-100 °C. (J ml. ) •
residue was purple.

Both fractions were red in color.

The pot

Fraction A was spilled and no further work was done

on this.
Benzanisoin-(expt. 11-H, 12-H, 16-H) .
Jenkins (32) .

The procedure is that of S.S.

The reaction was set up in a round-bottomed JOO-ml . flask

using a 200 mm. reflux condenser.

To a solution of 42 ml. (0.416 mole)

of benzaldehyde and 58 ml. (0.479 mole) of anisaldehyde in 155 ml. 95%
~thanol was added 12 g. (0.184 mole) KCN dissolved in 80 ml. water.

This

was refluxed for 90 minutes and then cooled to room temperature, transferred into a 500-ml. Erlenm;e_ter flask, seeded with a few crystals of
benzanisoin and left 36 hours in the cold room.

The crystals were

collected and recrystallized three times from ethanol.

The filtrates

-33from the recrystallizations were added together, concentrated by evaporation and allowed to crystallize.

The crystals thus collected were washed

well with cold EtOH, dried and a melting point taken which conformed to
the main batch of crystals.

The two groups of crystals were combined and

the yield calculated based on the benzaldehyde.
(30) l06°C.).

M. P. 105-6°C. (lit.

Yield 30%.

P::Metho.xyphen.ylacetic acid (33) . -

( expt. 14-H, 17-H) • In a 250-ml.

round-bottomed flask was placed 42 g. (0.28 mole) £-methoxyacetophenone,
13.5 g. (0.42 mole) sulfur and 29.8 g. (0.35 mole) morpholine and refluxed five hours using a 200 mm. reflux condenser.

The reaction mixture

was then slowly poured into cold water resulting in two phases.

The

water was decanted leaving a dark brown, thick oil, this was dissolved
in ethanol and the precipitate that formed (sulfur) was filtered off.
To the filtrate was added 500 ml. of ethanol and the solution refluxed in
a 1-liter round-bottomed flask with 56 g. (1.4 mole) sodium hydroxide for
27 hours • All but approximately 100 ml. of the ethanol was distilled off
and 100 ml. of water was added to the cooled solution followed by 127 ml.
of hydrochloric acid (sp. gr. 1.19) and the resulting mixture cooled in
an ice bath and then extracted with ethyl ether.
evaporated leaving a thick brown oil.

The ether extract was

This was repeatedly extracted

with hot water until the remaining oil failed to harden on cooling in an
ice bath.

The hot water solutions were cooled and the crude acid

crystallized out.

The crude ~reduct was dissolved inhot water, t .r eated

with Norite, filtered hot, the filtrate cooled and the crystals collected.
Recrystallization from water gave white plates.
(lit. (31) 83-85°C).

Yield 21%.

M. P. 82.5-84.0°C.
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Hydrobenzanisoin (30).- {expts. 13-H, 15-H).

In a 250-ml. Erlenmeyer flask

was placed 3.63 g. (0.015 mole) of benzanisoin and 60 ml. of 95% ethanol.
Solution was effected by warming and then 25 g. of 4% sodium amalgra.II\ was
added.

The mixture was mechanically shaken in a nitrogen atmosphere

overnight • The solution was decanted from the mercury and the flask was
washed out with ethanol and the washings added to the solution.

The

alcohol was then evaporated under reduced pressure and the residue extracted with 50 ml. of hot benzene.

The benzene solution was cooled in

an ice bath and the crystals collected.

The product was recrystallized

twice from benzene to give 0.4 g. of product (white plates).

1300C. (lit. (30) 133-34°C.).

M. P. 129-

Yield 13%.

p-Metho:xybenzyl Rlenyl Ketone (30).- (expt. 19-H).

To 20 g. (0.168 mole)

mossy tin in a round-bottomed flask (300-ml.) was added 25 g. (0.106 mole)
benzanisoin in 100 ml. of ethanol.

Seventy milliliters of concentrated

hydrochloric acid (0.084 mole) was added rapidly followed by 0.5 g. (0.002
mole) copper sulfate pentahydrate.

The reaction mixture was then refluxed

for 5.5 hours, filtered hot and the filtrate cooled to complete crystallization.

The crystals were recrystallized from ethanol and upon drying

turned a pink color.

The filtrates from the crystallization and re-

crystallization were combined and diluted with an equal volume of water.
The solution was evaporated to 2/3 of the original volume and the hot
solution made basic with sodium carbonate, cooled and the solid collected.
The solid was washed with water and dried by sucking air through the cak~.
The solid was then extracted three times with .hot ethanol (50-ml. portions) and the. volume of the extract solution evaporated to 100 ml.

This

was cooled, the crystals collected, washed with cold ethanol, dried, and
added to the main ~oup of crystals.

The crystals were recrystallized

•
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once more from ethanol and upon drying the crystals again turned pinko
The product was again recrystallized this time under nitrogen and the
crystals were dried under nitrogen in an Abderhalden drying pistol.
94.5-95-5°C.

.,;

(lit. (30) 96o5°C).

p...Bromotoluene.~ (expt. 43-H).

M. P•

Yield 3804%.
This procedure is that of Bigelow (34).

The reaction mixture was prepared by dissolving 126 g. of cupric sulfate
pentahydrate (0.50 mole, Merck reagent grade)j 308 g. of sodium bromide
(2.2 moles, reagent grade) and 33 ml. of concentrated sulfuric acid in 1000

ml. of water.

To this was added 40 g. of copper turnings (0.62 mole,

reagent grade) and the mixture was refluxed for approximately 8 hours until
the solution had taken on a greenish yellow color.

A solution of 12.-

tolyldiazonium sulfate was prepared by dissolving 214 g. of ,e-toluidine
(2 moles, Eastman, reagent grade) in 2 1. of distilled water containing
214 ml. of concentrated sulfuric acid.

This was cooled to 15°C. and 140

g. of sodium nitrite (2 moles, reagent grade) in 250 ml. of distilled water
was added over a 5 minute period with constant stirring.
continued for another JO minutes at 15°C.

Stirring was

The diazonium sulfate solution

was added slowly over a period of 8 hours to the reaction mixture.

The

_e-bromotoluene produced was steam distilled from the reaction mixture as it
was formed.

The distillate was made basic with sodium hydroxide and the

organic layer removed.

The organic phase was washed with concentrated

sulfuric acid and then with distilled water.

Ethyl ether was added and the

solution dried over calcium chloride overnight.

The calcium chloride was

removed by filtration and the product was distilled at atmospheric pressure.
The fraction distilling from 175-77°C. (214 g.) at 650 nun. was retained.
B. P. 175-77°C. (650 nun), nJO D 1.5464 (lit. B. P. 184-5°C. (760 nun.),

n 25 D 1.549()).

Yield 62.5%.
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p-Bromobenzyl bromide.- (expt. 45-H)
Weizmann and Patai. (35).

This procedure is that of

A 1000-ml. round-bottomed flask containing 214 g.

of E-9bromotoluene (1.25 moles, made in experiment 43-H) was fitted with a
mercury sealed stirrer and a pressure equalizing addition funnel.

It was

then heated in an oil bath to 120°C. (oil bath temperature) and illwninated
with a 150 watt clear glass bulb.

Bromine, 209 g. (130 moles, reagent

grade) was then added dropwise by means of the addition funnel over a 2.5
hour period with constant stirring.

Stirring was continued for another JO

minutes after the last of the bromine had been added.

The reaction mixture

was poured into a beaker, covered with a watch glass and left overnight in
the hood.

Some crystallization had occured by morning and further

crystallization was induced by cooling in an ice bath.

The crystals were

collected on a Buchner funnel and washed well with cold ethanol.

A second

crop of crystals was obtained from the filtrate and was treated in the same
manner.

The two crops of crystals were mixed (170 g.) and no further

purification was attempted.

54-5%.

M. P. 6J-64°C. (lit. (.35) 61°C.).

p-Bromobenzaldehyde.- (exp. 46-H)

Bender (36).

Yield

The procedure is that of Hass and

Sodium ethoxi.de was prepared by adding 15. 7 g. of sodium

(0.685 mole) to 450 ml. of anhydrous ethanol with stirring and cooling in
an ice bath.

To this was added 65 ml. of 2-nitropropane (0.724 mole,

Matheson, practical grade, redistilled, fraction with B. P. 11J-115°C.
used) forming the sodium salt of 2-nitropropane.
rapidly 170 g. of £-bromobenzyl bromide.
60 hours.

To this mixture was added

This was stirred for approximately

During the first few hours it was necessary to cool the reaction

with an ice bath to hold the temperature below approximately 30°C.

The

ethanol was removed by evaporation and replaced by ethyl ether and the

solution -washed with 1cd, sodium hydroxide to remove the 2-pro:pa.noxime.
The ether -was removed by evaporation and the product redissolved in ethanol.
Water -was added to the hot ethanol solution to the cloud point and the
solution cooled in an ice ba.th.

As the solution cooled :pa.rt of the product

crystallized out and :pa.rt oiled out.

This crystallization procedure -was

repeated several times and the crystalline products combined.

The .rm. terial

-was recrystallized from ~-diomne, giving long yellow needles (M. P. 2102130 C. ).

The material -was recrystallized a second time from ..dioxane,

giving yellow needles

(M. P. 213-214.5° c.). This material is not the

~-bromobenzaldehyde which is colorless and melts at 56 .. 57° C.

hydrazone of the product was prepared and melted at 130-133° C.

A phenyl-

A sodium

fusion of the product was positive for bromine and negative for nitrogen.
Two quantitative bromine analyses were run with the following results:

{1) Br, 4o.81,; (2) Br, 4o.~. B:i.sic permanganate oxidation of the product

gave ~-bromobenzoic acid.

The infrared spectrum of the product is shown

in Figure IX.
H;ydrobromide salts of p-Bromoa.niline and t-Picoline.--(expts. 2-H,
3-H, 4-H, 5-H).

A gas generator was set up by attaching a 250 ml.- separatory

funnel to a 250 ml.-distilling flask.

A rubber tube connection was used

to carry the gas from the distilling flask to a combustion tube packed with
copper turnings.

After :passing through the combustion tube the gas was

bubbled into an ethyl ether solution of the amine.

The hydrogen bromide was

generated by adding 15 ml. of bromine dropwise through the se:pa.ratory funnel
into 15 ml. of tetralin.

Bromine intrained in the evolved &J.S was removed

through reaction with copper turnings which were heated to 100° C. with a
tube furnace.

The hydrogen bromide was bubbled into the ether solution

(100 ml. of ether) of the amine (20 g. ~-bromoa.niline or l.1.1 g. f =

picoline).

The salt immediately precipitated out as a white solid.

The

-38solid was collected on a Buchner funnel, triturated with fresh ethyl ether
and dried.

M. P.:

1-picoline hydrobromide, 155-6°C.; _£-bromoaniline

hydrobrom.ide, decomposes gradually as the temperature increases.

Yield

essentially quantitative for both amines.
2-(4-Chloroanilino)-l-(4-chlorophenyl)-2-(4-methoXYphenyl)ethanon~(expts. 25-H, 26-H, 28-H, 37-H) This procedure was adapted from that used by
Lutz and Baker (24).

A

mixture of 27.8 g. of ;e 1 -chlorobenzanisoin (Ool

mole, made in experiment 22-H), 15.0 g. of ;e-chloroaniline (Ool2 mole) and
1.0 g. phosphorus pento:xide was placed in a 500~. round-bottomed flask
fitted with a 200

IIDD.

condenser.

The reaction was started by adding 130 ml.

of toluene as a solvent and heating to reflux temperature.

The reaction

mixture was refluxed for 200 minutes, then cooled in an ice bath and the
crystals collected on a Buchner funnel.
from 2-butanon~ethanol solution.

The crystals were recrystallized

The infrared spectrum is shown in Figure

XI and the ultraviolet spectrum is shown in Figure XVII.

140 °C.

M. P. 138.5-

Yield 52%.
•. Calcd. for C21H1'7°~Cl2:

N, J.6J; Cl, 18.4.

Found:

N, J.32,

3 • 73 ; Cl, 19 • 5 •
In experiment 28-H no catalyst (phosphorus pento:xide) was used.

resulted in a mixture of the two isomeric ketones being produced.

This

This was

shown by the presence of peaks at 905 cm-1 and 765 cm-1 in the infrared

spectrum (Figure XII).

These peaks are also seen in the infrared spectrum

of the rearranged compound (Figure XIV) but not -in the infrared spectrum
of the unrearranged compound (Figure XI).
The product from experiment 37-H was oxidized with periodic acid.
The acid resulting from the oxidation shows infrared peaks characteristic
of both :e-methoxybenzoic acid and 12:-chlorobenzoic acid.

The aldehyde

-39fraction shows peaks that are compatable only with J?_-metho:xybenzal.dehyd.eo
The following peaks were observed in the aldehyde fraction:
P-methoxybenzaldehyde
1690
1608
1583
151.2
1318
1262
1165

cl!l1

aldeh.yde frac~ion
1680 cm-1 S
1608
S
1580
M
1490
M
1312
M
1265
S
1170
S

S
S

M
M
M
S

s

E::,Chlorobenzal.dehyde
1700 cm-1 S
1588
M
1452
S
1372
S
1200
S
1152
M
1090
S

2-(4-Bromoanilino)-l-(4-bramophen.yl)-2-(4-m~tho:xyphenyl)ethanone.(expt. 49-H)
(24).

This procedure was adapted from that used by Lutz and Baker

To 28o3 go of :e, 1-bromobenzan.isoin (0.088 mole, made in experiment

48-H) dissolved in 100 ml. of toluene was added 15.7 g. of :e,-bromoaniline
(0.092 mole, Brothers Chemical Co.) and 0.8 g. ·of phosphorus pentoxide
(0.0056 mole, reagent grade).

The reaction mixture was refluxed for 3 hours.

After refluxing the reaction mixture

was

allowed to cool slowly to room

temperature and was then cooled in an ice bath.
readily.

The mixture crystallized

The crystals were collected in a Buchner funnel and redissolved

in hot 2-butanone o

A brown by-product failed to dissolve and was removed

by filtering the hot solution.

The solution was taken to the cloud point

with methanol and cooled in an ice bath.

The bright yellow needles were

collected and recrystallized again from 2-butanone-methanol solution.
crystals (8 g.) were dried and stored.
Anal.

Calcd. for C2J.H1702NBr2:

Mo P. 166°C. (sharp).
N, 2.95; Br. 33.70

The

Yieid 19%.

Found~

N., 2.86,

J.06; Br, 35.2, 30.4, 36.6, Jl.8.
The infrared spectrwn agrees exactly.with that of the chloro substituted campoundo

Compare Figures XI and XIII.

The ultra-violet spectrwn

al.so compares with that of the chloro substituted compound.
XVI and XVII o

Compare Figures

-40Rearrangement
of 2-(4-Chloroaniline)-1-(4--chlorophenyl)-l-propanone.-.
.

(expts. l-G-6*, 1-H, 6-H, 9-H, 10-H).

Five different sets of conditions

were used in an attempt to rearrange this ketone.
was used in each rearrangement attempt.

The following procedure

The solvent (50 ml.) was refluxed

and cooled under nitrogen to remove the dissolved oxygen • . To the cooled
solvent was added 5o88g. of the anilinoketone (0.02 mole, made in experiment l-G-3*) and 0.02 moles of the catalyst.

The reaction mixture was

then refluxed for the period shown in Table IIo

Two millillter samples

were removed from the reaction mixture at the beginning of each experiment
and periodically during the experiment.

The 2.0 ml. samples were each

diluted to 10 ml. with 95% ethanol in a 10 ml.-volumetric flask and a
visible spectrum obtained of each.
while the starting ketone is yellow.

The rearranged ketone is c olorless
This color change allowed the reaction

to be checked by comparison of the initial visible spectrum with the final
spectrum.

The reactions were stopped, by pouring the react i on mixture into

100 ml. ef water and extracting the products with ethyl ether.

Where posslble

the product was crystallized from 95% ethanol.

In all reactions of greater

than 25 hours duration the products were oils.

The only successful re-

arrangement was achieved by using ,,R-Chloroaniline hydrobromide as the
.
.
catalyst. The melting point of the rearranged product was 78.5-79.5°

c.

Table II shows the solvents, catalysts, reaction times and results for the
rearrangement experiments.
*This work was don~ by Robert Beisnline at Brigham Young University
under the direction of Dr. K. L. Nelson.

-41TABLE II

Results of Attempted Rearrangements of 2-(4-Chloroanilino)-1(4-chlorophenyl)-l-propanoneo

exp.

Solvent

Catalyst

l-G*-6 95% ethanol pyridine
h.ydrobromide

1-H

95% ethanol p-chloroaniline
hydrobromide

6-H

pyridine

9-H
10-H

pyridine
hydrobromide

Results

Reaction Time

24 hours
25 hours

no evidence of rearrangement observed
White isomeric ketone
isolated M. P. 78.5 -

79.5°C.

70 hours

no evidence of rearrangement observed

95% ethanol HBr

67 hours

no evidence of rearranga~ent observed

95% ethanol '1._ -picoline
h.ydrobromide

180 hours

no evidence of rearrangement observecL_

Rearrangement of 2-(4-chloroanilino)-l-(4-chlorophen;yl)-2-(4metho:xyphenyl)ethanone.- (expts. 30-H, 56-H, 58-H, 59-H).

This reaction

was attempted in three different solvents, ethanol, ethylene glycol and
mesitylene.

Rearrangement was observed only in the first two.

To 1.00 g.

of the ~-anilinoketone (0 .00259 moles, made in experiment 25-H or 37-H)
dissolved in 25 ml. of hot solvent, was added 0.45 g. of l-picoline hydrobromide (0.00259 mole, made in experiment 5-H) and the mixture was renuxed
from 20 minutes to 1 hour under a stream of nitrogen and a mercury bubbler
was then attached to the condenser.

The reaction mixture was refluxed from

14 hours {exp. 59-H) to 7 days (exp. 30-H).

to cool.

The reaction mixture was allowed

The product readily crystallized out of the solution {M. P. 123-

124 °C. ) • The infrared spectrum of the product gave indication that the
product was actually a mixture of products.

The product

ized from 95%, ethanol and gave a pure yellow product.

was

recrystall-

M. P. 127-127.2°C.

The ultra-viol'e t spectra are shown in Figure :XX and compared with the ultra-

-42violet spectra of ]?:-methoxyacetophenone and £-Chloroacetophenone in Figure
XI.

The infrared spectrum is shown in Figure XIV.
Anal. of the crude product from exp. 30-H (M. P" 123-124 °C. ) •

for C21H1702NC1 2 :

Cl, 18.4.

Cal ed.

Found: Cl, 18.8.

Rearrangement of a nti.xture of 2-(4.-Bromoanilino)-1-(4-bromophenyl)

-2-(4-metho:?SfPhenyl)ethanone and 2-(4-Chl.oroanilino)-l-(4-chlorophenyl)-2(4-metho:xyphenyl)ethanone.- (expts. 60-H~ 61-H). To a mixture of 1.0 g. of
the bromo ~-anilinoketone (0 .002 mole made in experiment 49-H), 0.813 g. of
the chloro g::-anilinoketone (0.002 mole, made in experiment 37-H) and O.J67
g. of r-picoline hydrobromide (0.002 mole., made in experiment 5-H)
50 ml. of ethylene g.lycol.

was

added

The reaction mixture was heated in a bromobenzene

(B. P. (760 mm) 155-156°C.) vapor bath for approxLmately 2 hours and then
allowed to stand at room temperature for 12 hours.

The reaction mixture

was contained under a purified nitrogen atmosphere during the heating and
cooling process.

The reaction mixture was further cooled in an ice bath

to complete crystallization.

.

The crystals were collected on a Buchner

funnel and triturated with a 3 :1 water ethanol solution.

The product from

experiment 61-H was submitted for mass spectral analysis.

The results of

the mass spectral analysis are shown and discussed in the previous section.
The product from experiment 60-H wa.s placed in a 100-tube Craig countercurrent extractor.

Cyclohexene saturated with nitromethane was used as the

upper moving phase and nitromethane saturated with cyclohexene as the lower
stationary phaseo

After 160 transfers the solutions (160 cyclohexene solu-

tions and 100 nitromethane solutions) were removed from the extractor and
the solvents removed by flash evaporation.

A sample from the upper phase

(solutions 80-98)~ a yellow oil, was submi.tted for mass spectral analysis.
This sample was reported to contain no halogens and a sodium fusion on the

-43same sample confirmed this report.

Apparently the ketones had been des-

troyed by the solvent system in the extractor.

No further use was made of

the extractor nor of the ketones (?) recovered from the solutions.
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240

Figure XVIII.
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PART II
PARTIAL RATE FACTORS FOR SULFONATION

OF BROMOBENZENE WITH SULFUR TRIOXIDE

SECTION I

ELECTROPHILIC AROMATIC SUBSTITtrrION
Since the time of Kekule.' and his proposed structure (1) for the
benzene ring much effort has gone into the problem of substitution and
orientation of substituents in the benzene ring.
As

late as 1923, a new structure was proposed for benzene to account

for the failure of benzene to add atoms other than hydrogen, chlorine and
bromine as well as other phenomena (2).
I.

This structure is shown in Figure

All six carbon atoms are in the same plane.

the plane of the compound.

The hydrogens are out of

The numbers by the hydrogens represent the

5H
Figure I Lely' s Benzene Structure
positions of substitution.

This proposal was quickly disposed of by point-

ing out that 1,4-dihydro:xybenzene would be ·very unstable due to the gemglycol structure whereas hydroquinone in reality, is stable.
Some of the early ideas o:rt the mechanism of substitution were directed
by the assumption that benzene contains three double bonds and that the

-53-

, :,

-54reagent adds to one of the double bonds • The aromatic system is then restored by loss of a small stable molecule. (3,4) An example of this is the
following scheme for nitration of benzene.

0

In support of this scheme it

N02

H
OH

H

- --

was observe1 that when bromine was added to 1,1-diphenylethylene.it easily
gave the 1,2-dibromide but at higher temperatures lost HBr to form the 2bromo-1,1-diphenylethylene.

This situation is analogous to the scheme

shown for nitration of benzene, however, in the case of benzene the driving
force for the loss of the water molecule is aromatization of the ring.
Fheiffer and Wizinger (5) working with 1,1-bis(p-dirnethylaminophenyl)
ethylene isolated an intermediate (I) in the formation of the dibromo com-pound.

They proposed that this type of intermediate was involved in both

olefinic and aromatic substitutions.

·

l

J

p- Me 2 N~?:\ +
/C- CHz Br Br
p-Me-:>N0
c..

3

I
This would give an intermediate of the following type (II) for

aromatic electrophilic substitution.

Lapworth (6) suggested such an inter-

mediate in 1901 and his suggestion has been supported by isolation or detec-

+O
Z H
11

tion of intermediates analogous to II. (7-12).

-55Ingold (13) favors II as the intermediate in the nitration of benzene
and suggests that the configuration of the ring carbon atom involved in the
reaction is tetrahedral and that the positive charge is distributed about the
ring as described by resonance.

This resonance decreases the high energy

0
+

H Z

of formation of the intermediate due to the disruption of the aromatic rr
electron cloud.
In view of the fact that intermediates of the form of II have been
isolated and detected it is very unlikely that II represents a transition
state but rather it is probable that II represents a true intermediate.
The nitration and bromination of aromatics exhibit no isotope effects
when the aromatic is substituted with deuterium (14) or tritium (15).

The

rate of nitration of deuterium or tritium substituted aromatics proceeds at
the same rate as does the corresponding protium substituted aromatic.

If

II represents a transition state then a definite-isotope effect should have
been observed.

This lack of isotope effect is further evidence for the

relative stability of II.

Dewar (16) proposed that arr complex of the type

shown (III) is the intermediate in aromatic substitution.

And he concludes

that the rates of substitution should parallel the stability of the f1. complexes.

Brown and

Brady

(17) have plotted the log of the relative rate of

g

halogenation against the log of the relative basicity of the aromatic toward

___,_

Ill

z

z

+ BH

4--

-56HCl ( rr complexes) and found no correlation at all.

However, when the log of

the relative rate of halogenation is plotted against the log of the relative
basicity of the aromatic toward HF-BF3

(

a- complex) a straight line is ob-

tained indicating a simple relationship between the two factors.
Nelson and Brown (3) proposed a mechanism (Fig.II) in which both the
rr complex and the a- complex play a part.

A potential energy diagram (Fig.

III) for the mechanism involves two rr complexes, IV and VI, each separated
from the intermediate (V) by high potential barriers (IV' and VI').
Figure III is for a symmetrical reaction (entering group and leaving
group are identical).

For an unsymmetrical reaction the energies of the

maximum points will, in all probability, not be equal and will depend on the

nature of the electrophiles entering and leaving.

If the energy of IV' is

sufficiently greater than VI', bond formation is the rate determining step;
if, on the other hand, the energy of VI' is sufficiently greater then IV',
bond breaking will be the rate controlling step.

The first situation is

found in bromination (15) and nitration (14, 15) which exhibit no isotope
effects and which probably have IV' as the rate controlling step.

Sulfona-

tion (15, 18) on the other hand, shows an isotope effect indicating that
VI' is the important transition state and bond breaking is rate controlling.

~+

-~
H

------'--

z
H

IV

/

/

In the mechanism (Figure II) formation of a weak

is the initial step.

/

VI.

V

11

complex with ZB

The loss of B- (Ir is the carrier for the electro-

phile) follows with an increase in the strength of the

r-r

complex.

The

complex (Iy) then goes to a o- complex (V) which is the unstable intermediate.
The

o-

complex (V) then decomposes to form a new rr complex (VI) which is broken

0
vj t z

-57+

lG}-zs

ZB

8- +

H

IV

OH+

GHB
z

B

HB +0z

z

VI

Figure II.

f

Gz+
J

Mechanism of Nelson and Brown for Electrophilic
Aromatic Substitution.

Energy

\
IV

Figure III.

Reaction Co~rdi nate

Energy diagram for symmetrical electrophi lic
substitution .

-58up by the removal of H+ by :S-.
This mechanism appears to be the most accepted and generally useful
mechanism.
R. D. Brown, in (19) 1959, proposed a mechanism in which charge transfer
complexes are the intermediates and the <r complex is a transition state.
Such a mechanism would have the potential energy diagram shown in Figure
IV.

The mechanism, shown below, was proposed to satisfy the experimental

evidence for aromatic de-deuteration.

g

-t

.z

··H

It is lmown that the rate of de-

---z

z+

B

Oz

+ BH-+

deuteration of benzene derivatives varies line a r.ly with Hammett's acidity
function implying that the transition state resembles the conjugate acid of
the substrate.

In view of the fact that recently some doubt has been cast on

the reliability of H0 (20) as an indication of involvement of the bare proton,
and that there is as yet no compelling evidence for the existence of the
charge transfer complex in these systems whereas there is much evidence for
the er complex; it will be considered for the purpose of this dissertation
that for most electrophilic substitutions the a complex is the intermediate.

Further elaboration may establish that both the a- complex and the

charge-transfer complex are valid entities in the total mechanism.

-59-

V

Energy

@- -H

Reaction Cogrclimite
Figure IV.

Potential Energy Diagram of the charge
transfer complex mechanism.
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Introduction_
One of the first apparent problems after the publishing of Kekule's
benzene ring structure was the problem of orientation of substitution relative to a substituent initially present in the ring.

It was recognized

quite early that there were two extreme types of orientation.

01.e giving

ortho and para products and the other~ products.
Subsequently many rules were put forth to assist prediction of the
orientation of the substituting agent based on the type of substituent
initially present.
One of the first rules was what might be called the electronegativi.ty
rule. (21, 22, 23).

Groups that are strongly electronegative (will confer

or enhance acidic properties) direct the entering substituent to t h e ~
position.

And groups which are electropositiYe (will confer or enhance basic

properties), neutral; or only slightly negative~will direct the entering
substituent to the ortho and para positions.
other rules were advanced in the next fifty years in attempts to refine the rules and provide more guidance in predicting orientation.

Among

these rules are those of .Armstrong (24) which stated that substituents containing double bonds were~ orienting while other substituents were ortho
and para directing.

Another rule was that of Crum Brown and Gibson (25)

which proposed that a substituent X whose acid HX, could be directly oxidized
to HOX would be a meta director and if this were not possible it would be an
ortho and para director. Fltlrscheim (26) advanced his free affinity theory
in 1902 followed by the 11 theory of alternate polarizabilities" (13) in 1912
both of which were fore runners to modern resonance ideas.

In 1926, Robinson

-61(13) and Ingold (13) and their coworkers suggested the ideas of induction
and resonance to explain aromatic substitution and orientation and it is
these which have proved the most useful in making qualitative predictions.
Electronic effect of substituents
The perturbation of the :!I electrons in an aromatic system by a substituent depends not only on the nature of the substituent but also on the
energr of the system, that is whether the system is in the ground state or
an excited state.

An example of this is chlorobenzene.

In the ground

state the electron density in the ring is decreased, however, in an excited
state., as during a substitution reaction, the electron density i,n the ring
is thought to increase .

This electron control by the substituent dictates

in part the rate of the reaction and the distribution of isomers in the
producto
Substituents which increase the electron density in the ring e~ther by
a positive inductive effect or by resonance effects render the ring more
susceptible to attack by the electrophile.

And substituents which reduce

the electron density in the ring either by negative induction or by resonance decrease the basicity of the ring and therefore decrease the rate of
substitution.

As the rate determining transition state involves formation

of., or decomposition of the

Q"

complex, the factors which enhance or reduce

the stability of this complex also determine the orientation of the reagent.
That is, if the substituent puts electrons into the ring the rate is increased and the stability of the ortho and para complexes is increased over
that for the~.

The following resonance forms for the various~ com-

plexes illustrate the relative stabilities.

From this rEasoning orthJ/

para directing substituents should also enhance the rate.
always the case.

Such is not

The halogens direct to the ortho and para positions and

Q

O+
X

u
-,

X

+o

H

L

X

+

z
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yet decrease the rate of the reaction relative to benzene, in most reactions.
No fully satisfactory explanation of this phenomenon has yet been advanced.
One explanation is that the halogens deactivate the ring by induction but
stabilize the

Q

complex by resonance as shown above.

For substituents which reduce the electron density in the ring the
following resonance structures illustrate why the ortho and para positions
are not favored.

The complexes leading to substitution at the ortho and

para positions have as one of the resonance forms a positive charge adjacent to the extranuclear atom bearing either a full or partial positive
charge.

Such forms contribute less to the stability of the intermediate

than do the comparable forms for meta substitution which have the positive
charge one atom removed from the extranuclear charge.

Table I (3) shows

the isomer distribution for nitration of benzene derivatives.

It is easily

seen that there is not a clear dividing line between~ directing sub-

7

stituents and orth /para directing substituents.
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Tablt I (3). Isomer Distribution in the
Ni tJ. ...,ion of Benzene Derivatives •

px

Isomer Distribution
ortho

X=H

= OH
= Cl
= CH3

=C(CH3

)3

=CH 2 Cl
=CHClz
=Si(CH3 )3

=CC~
=C02Cz H5

=C02H
=N02.
-r
=N(CH.3 )y

(40)
40
29.6
58.5
15.8
32. 0
23.3
26.6
6.8
24.0
18.5
6.4

para
(40)
0.9
4.4
11.5
15.5
33 . 8
41.7
64.5
72.0
80.2
93.3
(100)

(20)

60
69.5
37 .1
72.7
52. 5
42.9
31.6
28.7
4.0
1.3
0.3

Exploiting this lack of a clear dividing line between ortho/para
7

directors and meta directors, Nelson and Brown (27) proposed that the

-64relative amount o f ~ isomer produced in any substitution reaction on
toluene is a measure of the reactivity of the attacking electrophile.

As

an additional measure of this reactivity the relative rate of reaction of

the E!!!, position of toluene to one position of benzene (E.f) was selected.
The corresponding ratio of the rate of substitution in the .E!:!!. position
to the rate of substitution at one m!:!::!. position is a m~asure not only of
the activity but also of the selectivity of the reagent.

The more reactive

the attacking electrophile the less the discrimination between benzene and
toluene (lower ,Ef) and be~ween the 12!:!!. and~ positions in toluene
(smaller .E!!!/'.meta ratio).

Thus, in chlorination with molecular chlorine

in acetic acid (low reactivity) the .E!!:!,/meta ratio should be la:ge (£fl!!!.r
ratio 16) (28) and in isopropylation, wit~ GaBr as the catalyst, the

3

.E!!!/

!!!!:.!:. ratio should be small (£f/!!f ratio 3.58) (28), the isopropyl cation
being a more reactive electrophile than the chlorine molecule.

This is

illustrated in Figure V.
The straight line obtained by plotting the log of the I!:.!:!. factor
(Ef) for toluene against the log of the .E!:!!/'.meta ratio for toluene (Figure

V) supports this_postulate.
The physical picture associated with this postulate involves the
nature of the bond between the substrate and the reagent in the transition
state.

The bromine-carbon bond, due to the weak electrophilic nature of

branine, is a short, strong bond and the transition states clesely resembles
the

f:J'

complex intermediate.

On the other hand, the c~rbon-carbon bond in

isopropylation is a weak bond, relatively long, and primarily ionic in
character (3).

The substrate contributes little to this type of bond and

consequently has little control over the position of substitution.

-65-

0.5

0

1.0
1.5
leg (.£1!!1):r

2.0

Figure V (27)--"Relationship between the •activity' c:,f the reagent
and the degree of meta substitution, in terms of
the partial rate factors."
Nelson and Brown (3) suggest that the above treatment of toluene
should apply te all monosubstituted aromatics.

That is., a plot of the

log of the oar& factor against the log of the .E!!!/'.meta ratio for any
substit~ted aromatic should give a straight line.
would depend upon the nature of the aromatic.
type proposed.

The slope of the line

Figure VI is a plot of the

All the lines were c0nsidered to originate at the inter-

section of log .E.r

= O and

log £r/mr

= O,

this position corresponds to a

reagent of infinite activity such that there is no discrimination between
positions and the observed isomer distribution is the statistical distribution.

The solid lines in Figure VI are those for which rate data were known.

The dotted lines are estimates.

The upper right quadrant contains those

substituents which direct to the ortho and l!:!:!:. positions and which activate
the ring.

The lower right quadrant contains the substituents which de-
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Nelson and Brown's proposal for Correlating
Orientation with Reactivity.

activate the ring (log _pf (0) and yet direct to the ortho/E,_ara positions
(log .Pf/~f >O).

The lower left quadrant contains the substituents which

deactivate the ring and direct to the meta position.
Using the fact that a plot of the relative rate data gives a straight
line (Figure V) and writing the equation for that line as
1.

Brown and his co-workers (29,31, 32) postulated that the Hannnett equation
(equation 2) could be used with different values for
data.

q-

to correlate the

k

log E = ,e~
0

Rewriting equation 2 and calling the new value of g ,

2.
Q"-t,

they obtained

equation 3, where k0 is the rate of substitution in benzene for the reaction

in question.
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k
+
log T =J??:

J.

0

They then wrote equation 4 and 5 where ~f is the ratio of the rate constant
for the para positions relative to one position in benzene and mf has the
same relationship for t h e ~ position.
log

k

k

0

-=

Dividing equation 4 by 5 gives

log .Pr = ;9<!'p

+

4.

+

5.

log k111- = log .IDf = f-'!!m
equation 6.

0

~hey then obtained _pf and ~f values for a series of reactions
log .Pr
log !!lr

=

6.

with toluene and by substituting these values into 6 obtained a value of

4. 21+

±:

0. 20 for thirteen cliff erent reactions.

•

Assuming that due to the

low polarizability and resonance interaction of the methyl group,

Q-t-

meta for the methyl group is not significantly different from § meta for
the same group they were able to calculate a value for a-+ para for the
methyl group.

From the _q-+values for the methyl group,

~
1

values were deter-

mined for the various reactions, and from there tog:+ values f or other substituents was but a short step.
A comparison of the values for the para/meta ratio calculated from
data with the experimental values for the ratio is shown in Table II.
The _q-+constant is a measure of the degree of assistance extended by
the substituent to the formation of the reagent-substrate bond in the
transition state.

The more negative the value of the constant the greater

the degree of assistance.
The reaction constant,8,is a measure of the activity of the attacking
reagent.
reagent.

The more positive the value of 19 the greater the activity of the
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(33,34,35,36).

0

0

Table II. (27)

A comparison of the Calculated para/meta Ratio
with the Experimental Values for Nitration.

Substituent

para/meta ratio
Experimental
Calculated
0.0015
0.036
0.00012
0.069
0.019
2800.
110.
23.

0.0027
0.025

.13

0.056
0.016
1.09

44D.
77.

27.
8.7

52.

33.
8.5
9.3

12.

8.9

0.16

0.75

Taken together these two constants should give an indication of the
relative rates and isomer distributions of reactions through the use of
equ~tions 4, 5, and 6.

This requires that if the para position is activated

to t h e ~ position in one reaction then it should be activated in all
reactions.

A plot of log ~f/~f against 12.. should give a straight line whose

slope is equal to (~

- g-; ),

equation 7.

Such a plot is shown in Figure

VII.
Ea.ch line must pass through the point
of infinite activity.

= 0, corresponding to a reagent

Actually, the lines for the halobenzenes appear to

curve so that the slopes (g-;

-~

-12.

becomes smaller (more negative) as the re-

This indicates that

g;

) become less as

f-? decreases from O to

activity of the electrophile (increased electron demand in transition state)
decreases.

The increased negative character of the

£t constant indi-

cates increased electron donation probably by a polarization of the sub-

stituent leading to increased electron density in the ring but not specifi-

-70cally at any one position.
Knowles, Nor-man and Radda (37) noted that the para Q'+values of several
different substituents appeared to decrease (become increasingly negative
a.s r-!

decreased (Table III).

This effect was attributed to the change in

the degree of resonance interaction between the substituent and the ring
as the covalent char·acter of the reagent substrate bond is changed.

Table IIL (.37)
Substi- Ionization of
tuent
Ar-3 COH

~= 3.44

-He

-Ph

-Meo

-F

-Cl
-Br

-0.297
-0. 721

The

+

Values of P- and Q'para for various reactions and
substituents.

Protonolysis
of Ar-SiMe3
4=4.32
..().105

-0.127
-0. 736
-+O .028
-t0. 201
-+O .231

Solvoly- Nitra- Uncatalyzed Uncatalyzed
sis of
Brom.ination
tion
ChlorinaAr-CMe 2Cl
tion
;Q= 12.14
1;= 4.54 e= 6.2 t;== 8.06
-0.311
-0.179
-0.778
-0.073
-+0.114
-+0.150

-0.278 -0.365
-0.167

-+0.012 -0.100
-t0.133 -+0.055
-+0.152 -+0.074

-0.278
-0.262
-0.826

less reactive the reagent (more negative the value of;Q_) the greater the
covalent character of the new bond (3) and the greater the resonance interaction in the transition state.

Knowles, Norman and Radda maintained that

only if the transition state were al.ways accurately represented by a structure such as VII, where the extent of bond making is a constant in every
reaction and the degree of resonance interaction between reagent and substrate is independent of the nature of the reaction, could a single constant

z
V II

-71represent a substituent for all reactions.

Inasmuch as there is evidence

that the extent of bond formation in the transition state depends on the
reactivity of the reagent (38) it is not reasonable to assume that one
constant will represent a substituent in every reactiono

They proposed

equation 8 as an answer to the problem, where J:lf is the partial rate factor
for the para positiOIJ,Q"'g is a measure of the electron density at the para
position relative to one position in benzene,

8.

rJ

is a measure of the demand

of the reagent for electrons in the transition state as well as a measure
of the extent of formation of the Wheland intermediate (VII) and Q°p measures
the polarizability of the substituent by the resonance mechanism.

Through

the use of the two substituent constants it is possible to explain and
correlate a number of anomalous substitution reactions.

The deactivation

of fluorobenzene in protodesilylation and in nitration and its activation
in chlorination can be explained by the greater electron demand of the
reagent in chlorination.

This greater electron demand of the reagent causes

increased polarization of the substituent and activation of the ring.
Knowles, Norman and Ra.dda point out that the alkyl substituted
benzenes are essentially unpolarizable and for this reason it is not surprising that Brown and his co-workers have obtained straight line plots
with the Brown~Hammett equation (equation 3).
Equation 8 should be useful in correlating other experimental data
as it is determinedo

However, it applies only to the para position.

It seems quite possible that the above treatment could be applied to
a combination of the para and

positions.

Refering back to Figure VII,

.:the fact that a smooth curved line results from

Sr

factor) (39) against

a plot

of log Prl'J!:f (Brown I s

p indicates a continual change in (g:i?-Q
~). The

-72following suggestions are made to explain the curve:
1.

The o-+ value is not constant but becomes more negative as r9- becomes
more negative.

2.

This increased electron release by the substituent is due to increased
polarization (nonspecific) of the substituent leading to partial relief
of the positive charge in the ring as well as to resonance effects.

3.

The shape of the curve resulting from a plot of log Jr/I!!:f against~ gives
an indication of the relative importance of the inductive effect and
the resonance effect in the substrate.

If the line curves up, as in

biphenyl, (Fig. VII) resonance effects are becoming increasingly import ant, however, if the line curves in t he other direction, as in the
halobenzenes, inductive effects are becoming increasingly :important.

4.

This •"'i ncreased polarization of the substituent is due to the presence
of an increased positive charge in the ring as the transition state
changes progressively from VIII to IX as the nature of the attacking
reagent changes from a very reactive electrophile (small absolute
value of /2. ) to a very inactive electrophile (large absolute value of;Q )o

X

5.

cf+

,

\

\I

I

I

I

,zcr+

I

Difficult ly polarizable substituents will give a flat curve approaching a straight line when log ~f/~f is plotted against ,,q_ •

Thus toluene

(Fig. ·v rI) gives almost a straight line.
There is not suff1cient data available to fully justify this concept o
However, the data do

j ustify further work along this line.
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Sulfur trioxide
Of the many methods of attaching a sulfonic acid group to a benzene
ring the one of pr:i.mary interest here is the use of sulfur trioxide.
Sulfur trioxide is an excellent sulfonating agent reacting rapidly and
completely with most aromatics with no troublesome by-produ.cts formed .
It may be reacted directly with the substrate either in the gas phase or
by passing the vapor {diluted with an inert gas) directly into the reaction
mixture.

In addition the activity of the molecule may be attenuated by

complexing with a variety of Lewis bases.

Thus the thioxane adduct will

sulfonate naphthalene but not benzene under t he same reaction conditions
while the dioxane adduct will sul.fonate both aromatics (40).
Side Reactions .-While there are no by-products from sulfonation
with sulfur trioxide there are a number of side reactions tha:t may occur.
The more important of these side reactions are:

Sulfone formation,

polysulfonation, replacement of a substituent already present and rearrangement .
Sulfone formation is not a major problem and can be fairly well controlled.

The r eaction is thought to be due to local excesses of substrate

in the ·react ion mixture and to occur according t o the following equation:
ArS0:3H

+ ArH---,.

Preventitive measures that may be taken to reduce sulfo~ formation are:
(1) The use of a solvent thereby decreasing the concentration of substrate.
For example, benzene reacted directly with sulfur trioxide yielw thirty
percent sulfone , but when diluted with liquid sulfur dioxide the yield of
sulfone drops to one to five percent (41).

(2) The addition of the sub-

strate to the sulfonating mixture rather than the reverse thus preventing

-74an excess of unreacted hydrocarbon in the reaction mixture.

The use of

purified ·hydrocarbons as substrates (41).
Polysulfonation is not a serious problem with sulfur trioxide when
the reaction is carried out in liquid sulfur dioxide.

The low temperature

of the reaction mixture combined with the deactivating influence of the
sulfonic acid group reduces polysulfonation to a minimum.

At higher

temperatures and especially with polycyclic compounds polysulfonation becomes a problem (41).
Replacement of a substituent already present in the ring is a side
reaction that may become extremely important when sulfur trioxide is the
sulfonating agent.

Newby (42) noted twenty percent loss of the dodecyl-

toluene during sulfonation with sulfur trioxide and Knight (43) was unable
to run a competitive sulfonation between iodobenzene and benzene with sulfur
trioxide in liquid sulfur dioxide due to the displacement of the iodo group.
Rearrangement of alkyl groups already present in the ring is quite a
common occurance especially with tetra substituted benzenes (Jacobsen Reaction) using oleum or sulfuric acid as the sulfonating agent (41).

Halogens

on the ring may also migrate during sulfonation with sulfuric acid (44).
Mechanism-::-The sulfonation of aromatic compounds has been investigated
kinetically by Hinshelwood and his co-workers using sulfur trioxide

(45,

46, 47). They found that the reaction on a representative group of aromatics
dissolved in nitrobenzene was second order with respect to the sulfur trioxide.

The reactions were first order with respect to the aromatic and

were retarded by formation of a complex between the sulfur trioxide and
the sulfonated product.

The second order nature of the reaction .with respect

to the sulfur trioxide suggests that

s206 may

be the attacking species.

Michael and Weiner (48) had suggested earlier that

s2o6

was th; attacking

-75species in the reaction o:f sulfur trioxide with olefins.
Berglund-Larsson and Melander (49) studying the sulfonation of bromobenzene-4-t with oleum observed a small isotope effect.

This suggests that

the rate determining step in the r·eaction is not the formation of the reagentsubstrate bond but the breaking of the carbon-hydrogen bond.
The rate determining loss of the proton and the second order nature
of the reaction with respect to sulfur trioxide
ways.

may

be explained in two

First, as has been suggested before, the attacking reagent may be

s206. And second, the attacking reagent may be so3 with a second molecule
of

s0:3

acting as a base in removing the proton either through a cyclic

transition state by complexing with both the sulfonic acid group and the
proton (a), which seems quite probable, or by merely complexing with the
proton (b).

0

I
s
o/ "o
H

a

b

SECTION II
DISCUSSION OF PROBLEM
This research was done in order to obtain more data on relative rates
and reactivities of the different positions of bromobenzene.

There has

been much work done with alkyl substituted benzenes, but very little with
other types of substituents.

This work, in part, supplies some of the

needed data leading to a more quantitative understanding of aromatic substitution.
Chemistry
Isotope dilution techniques were used to determine the isomer ratios.

In the isomer dilution technique a reaction is run using a small amount
of labeled reagent.

The reaction mixture is then divided and the frac-

tional parts of the mixture added to relatively large, pure, inactive
samples of the products expected from the reaction.

These materials are

then repurified by distillation, recrystallization, etc., to remove the
active reaction products that differ from the pure inactive samples.

Com-

parisons of the amount of isotopes in each of the repurified compounds with
the total amount ' of isotopes in all compounds gives the fractional amount
I

of each component formed in the reaction.

This technique requires that

the diluting material be exceptionally pure, because any extraneous matter
leads to errors in the final result.

To obtain the isomers in sufficient

amounts and with suitable purity, three procedures were tried but only one
gave good results.
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The first procedure was a variation of the Sandro.eyer reaction devel=
oped by Knight in which cupric bromide was used as the catalyst instead
of the cuprous salt.
sulfonic acids.

This reaction was run on the amino substituted benzene

Knight (50), in using this method, had had good luck with

the preparation of the bromobenzene sulfonates but the quality of the product was poor.

The salts were colored from light pink to blue , and it was

practically impossible to remove all of the halide ion economically and
easily.

These same problems were observed in this work.

is undoubtedly the source of the color .

The copper ion

When bromobenzene sulfonyl chlorides

are base hydrolized in the presence of cupric ions the salts have the same
color and appearance as observed by Knight.
A variation of the above procedure was tried on metanilic acid using
copper powder (Gatterman reaction) as the catalyst.

This resulted in a

highly colored solution and all attempts to break up the colored complex
and obtain the sulfonic acid failed.
The third method tried was that of Meerwein (51).

This method in-

volved the diazotization of the bromoaniline followed by treatment with a
saturated solution of S02 in acetic acid, and catalytic amounts of cupric
chloride.

The acid chloride was then isolated and hydrolized.

This pro=

cedure gave good-to-excellent yields of the pure isomers when reagent
grade bromoanilines were used.
After comparing the crystalline character of the barium, potassium
and sodium salts of the different isomers it was decided that the potassium
salts of the ortho- and para- compounds had the best crystallinity and
solubility characteristics.

However, the barium salt of the ~

gave the best crystals of the three metal salts .

- isomer

In as much as crystal

size and rate of crystal growth would determine the ease of purification

of the isomers after addition of the reaction mixture it was decided to use
the potassium salts of the ortho- and para- isomers and the barium salt of
the meta- isomer.
The sulfur-35 used in the isotope dilution experiments was obtained
in the form of sulfuric acid . i n hydrochloric acid .
to convert this to sulfur trioxide .

It was then necessary

Two methods were used.

The first

method was to react the barium sulfate with phosphorus, phosphorus pentoxide and oxygen giving sulfur dioxide (52) which was converted to sulfur
trioxide by oxygen with a platinum catalyst at 400° C.

This method was

handicapped by the low yields of sulfur dioxide, the difficulty in handling
the liquid samples without water contamination, and the tendency of the
sulfur trioxide to remain on the surface of the catalyst.

The second method

was to allow the sulfur-35 in the barium sulfate to exchange with the
sulfur in the ,B-form of sulfur trio:xide (5J).

This method was much better

due to the increased ease in handling.
The sulfonation of the bromobenzene was carried out by dissolving
the sulfur trioxide (5-35) in sulfur dioxide and then allowing the solution
to warm to refluxing temperature .

The bromobenzene was then added dropwise

to the refluxing solution (1:1 mole ratio

of bromobenzene;sulfur trioxide) .

After removing the so2 by evaporation the mixture was extracted with aqueous

base to obtain the potassium salts of the sulfonic acids.

Equal volumes

of the aqueous phase were then added to equivalent amounts of the pure
isomeric salts and the isomers again purified by repeated recrystalliza~
tions.
The low temperature of the reaction mixture during sulfonation means
that the products isolated will be those expected from kinetic control of
the reaction through the activity of the various positions rather than
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those expected from thermodynamic control,

Obviously the kinetic controlled

products are of much greater interest when information on the activation
of t h e different positions relative to one another is sought.
In the competitive sulfonation between toluene and bromobenzene
i t was necessary to add the sulfur trioxide to the toluene-bromobenzenesulfur dioxide reaction mixture in order that both aromatic compounds
would be present in sufficiently large excess compared with the sulfur
trioxide, and that the ratio of bromobenzene to toluene would remain essentially constant throughout the reaction.

To compensate for the small change

in the ratio during the reaction the following equation was used to obtain
the relative rates of sulfonation:
kl

=

k2

log
log

0Me i
0Me f
0Br i

(9)

0Br f

Where k 1 is the rate constant for toluene, k is the rate constant for
2
br omobenzene and the subscripts i and f stand for initial and final
concentrations.
Bromobenzene was compared with toluene rather than benzene because
of t he possibility that the entering group would substitute for the halogen
rat h er t han for a hydrogen.

J. Knight (50) working with the sulfonation of

i odobenzene by sulfur trioxide found that some of the iodo groups were
rep l aced by the sulfonic acid group .

Obviously if a comparison of the

re lative rates of sulfonation of halobenzene to benzene is desired another
appr oach must be found.

If a benzene-halobenzene mixture is sulfonated

and some of the halobenzene reacts by substitution of the halogen there
will be a greater amount of benzenesulfonic acid found than was produced

-80from the benzene leading to errors in the rate ratio .

By

comparing the

rate of reaction with toluene, rather than benzene, and then comparing the
rates of benzene and toluene an indirect comparison with benzene is obtained ,
without the above complications.
Counting of Sulfur-35
There are several sources of error inherent in counting any radioactive sample.

For the most part these are systematic errors and may be

corrected for in the final result.

Examples of this type of error are back-

scattering, self absorption, coincident counting and self scattering.
sources of error will be discussed below.

These

other errors are of the random

type and cannot be corrected for but must be minimized by treating all
samples alike in preparation for counting.

Examples of these errors are

differences in grain size of the sample in the planchet, differences in
moisture content between samples, etc.
Coincident counting errors-From the time immediately following a discharge until the potential of the Geiger tube is built up sufficiently to
record another ionizing event the counter is essentially dead to any radioactive decompositions.

This period of build up of potential is termed the

resolving time or recovery time of the instrument, and is designated by
the Gr-eek letter , with the units of seconds.
If the counting rate in counts per second is multipli ed by the resolving time of the tube the dead time per second is obtained.

The higher the

count rate the greater the dead time and the greater the error.
rate approaches

As the

1/, the error approaches 50% and when the rate equals 1/1"

the tube is permanently discharged and counting is impossible .

The t r ue

rate can then be determined by means of equation 10 where R is taken as
the experimental rate in counts per second and R' is the actual rate i n

-81the same units.

The percentage error is obtained from equation 11 .

R'

R

The
(10)

1 - R

error is less than one percent and also less than the standard deviation
(discussed later) when the count rate is 3900 disintegrations per minute,

asswning a dead time of 10-6 seconds, which is average for a Geiger
percent error
tube.

= 100(-R)

(11)

With a scintillation counter the dead time is even shorter.
Backscattering-This effect is observed when the,S-particles traveling

away from the Geiger window strike a material and as a result of single
or multiple scattering processes are reflected back to the Geiger window?
This effect is independent of the rate of disintegration and depends only
on the geometry of the counting chamber and the material making up the
planchet.

By

using the same geometry and planchets of the same material

for each count the backscattering factor will be constant for each count
and will cancel out when the counts are compared.
Self-absorption and self-scattering-This phenomenon presents no problem
for comparison of the ortho and para compounds inasmuch as equivalent amounts
have the same sample thickness (in mg. cm.- 2 ), however, when t h e ~
compound is compared with the other two this becomes a problem.

The

compound as the barium salt has an equivalent thickness 1.1 times
greater than the potassium salts of the ortho and para compounds.
Because of the short range and low energy of the (:)-particles from
sulfur-35 the count rate is not directly proportional to the thickness of
the sample for material of constant specific activity above a sample thick=
ness of approximately 2 mg. cm.-2 (see Fig. VIII), or approximately nine
milligrams per planchet.

This lack of linearity with larger sample sizes

-82requires that correcting factors be determined for self-scattering and
self-absorption of each of the two different salts, potassium and barium.
These factors were determined in the following manner:
(1)

Curves of sample thickness (in mg. cm.-2) versus count rate
(in count min.-1) were prepared for both the barium salt of
the meta compound and the potassium salt of the para compound
using material of constant specific activity (Fig. VIII and
IX). The potassium salt of ~ne ortho compound has the same
characteristics as the para compound.

(2)

The maximum count rate, corresponding to a sample of infinite
thickness, was set equal to 1.00 and the ordinate then shows
the fraction of maximum activity as a function of sample thickness. This is termed G(X).

(3)

The slope of the line (G'(O) at zero sample thickness was then
determined and J(X), the fraction of total activity, calculated
from equation 12. Where X

J (X)

G(X)
XG' (0)

(12)

is the sample thickness.
The term J(X) is then a fraction of the maximum specific activity
which would be observed if self-scattering and self-absorption did not take
place.

The observed rate (counts min. -l) divided by the product of J(X)

and the mass of the sample gave the specific activity of the sample which
was then compared with the specific activity of the other samples.

The

term J(X) is a function of the geometry of the system and must be recalculated for any change in either the tube or the geometry (54).
Statistical error-- Due to the fact that the disintegration of an
atom by radioactive decay is a random event fluctuations in the decay rate
of a group of atoms would naturally be expected.

Fortunately, in any work-

able mass of material there are sufficient atoms that the average decay rate
is approximately constant and the observed decay rate is a function of the
concentration of the radioactive isotope.

However, if only a few disin-

tegrations are noted in a unit time the calculated rate will have a greater
possibility of error.

Poisson's statistics are obeyed for the case of

radioactive decay and the standard deviation from the actual rate can be
calculated by means of equation 13 where C is the total number of counts
observed in time T (usually in minutes) and 0-s is the standard deviation.
C

(13)

T

Therefore for low count rates the standard deviation can be reduced by
counting for a longer period of time.

To obtain the net counting rate,

total rate minus the background, equation 14 is used where C is the total
count, in time Tc, Bis the background count, in time TB.

a-::C is the standard

deviation for the total count, °sis the standard deviation for the background count, and~ is the net counting rate.

The latter term in equation

14 is the standard deviation (0-n) for the net counting rate.

+

B

C

Equation 15 is
(14)

used to calculate the total counting rate for all three isomers by adding
the individual rates plus or minus the square root of the sum of the squares
of the individual standard deviations (~).

R

T

=

Rl

+

Rz

+

R3

+

i/ Ci

2

+ o:2
2

+

0.:: 2

3

(15)

The final numbers desired in this work are obtained from the ratio of
the individual count rates to either the total count rate as obtained from
equation 15 or to another individual count rate.

It is desirable there-

fore to have the standard deviation of the ratio (Oi:,) and this is calculated from equation 16.

=

R
R

1

2

(16)

-84Errors in scintillation counting.--In the work done using the scintillation counter the radioactive m.terial was suspended in the scintillator by means of a silica gel.

This inti!mte contact between the sample

and the scintillator effectively solves the problems of self scattering,
self absorption and backscattering.

The discussions above relative to

statistical errors and coincident counting error are also applicable here.
However, the dead time, coincident counting, of the instrument is much less
than that of a Geiger tube and is of the order of 10·7 seconds.

Other

errors of unknown and nonspecific natures are corrected for by adding to
the sample, after determining the count rate, a known amount of m.terial
of known specific activity and then determining the new count rate.
use of equation 17, where

Rr

By

is the count rate after spiking the sample,

R is the count rate before spiking the sample, K is the known activity
1
of the spike and RA is the actual count rate, the true activity of the
=

R K
1

(17)

R - R

T

1

sample is obtained.
Results of research
Isomer distribution.--The isomer distribution resulting from the
sulfonation of bromobenzene was determined using the techniques and equation discussed in the previous sections.
ment (67-H) are shown in Tables IV and V.
isomer count was multiplied by five.

The results from the first experiIn experiment 67-H the

This multiplication was necessitated

by an additional dilution of the active m.terial with inactive m.terial in
order to have sufficient compound for recrystallization to a constant count
rate.

Due to improved technique this procedure was not necessary in the

-85eec&nd experiment.

The difference• in values between the two expertments

are pr@bably due to differen~es in the- activity of the sampl&S in th,r two

eases as well as to errors introduced by the second dilution of t h e ~ ·
isQJll.er in e~periment 67-H.

The average values in Table IV for the isomer

distribution are good within ~he errer shown.
Table IV.

Isomer distribution in the sulfonation of bromobenzene.
·..

Expt. 67-H

,

'

Expt. 68-H

erthe

0.4.3

0.7.3

meta

4 •.3

2.8

E!E!

95.3

96.5

Ttble

v.

2

.3
4

5

6
7
8

9
10
11

12
16
17
18

Average
096

± 0.2

.3.6 ± o.s

95.9 ± o.6

Sample activities of 50 mg. samples ,during recrystallizati•n
(expt. 67'7H).

Recrystallization
number
1

'

Uneerreeted count per minute for 50-,mg. sample

.flt!

Ortho

306;2
62;.36

.3,968
.3;164

44.6.3

l,~;

44;96
4.3;68
46;37
44;62

2,169
1,792
1,340
7,63

658
521

40.3
.317
275
217

216

5,914
5,194
5,780
5:,649
5:,714
5,617
5,617

Table VI.

Activity of the samples in experiment 67-H.

Potassium J?-Bromobenzenesulfona.te
Sample
CQunt rate
Corrected count per
_n_um_b_e_r______._ba._c_!tg?"_oun_d_ _ _ _ _ _m_·l_l_i_e_.q,_UJ._·va_l_e_nt_o_f_sam_p_l_e_ _

5,088
4,745
4,983
4,881
4,723
4,585

5

5'

6

6•
7
7'

-t

t
t
t
t
t

76,625
79,431
75,044
81,513
71,128
76,753

16
15
16
15
15
15

t
t
t
t
±
t

243
252
238
259
256
243

76,14o t 240

avg. 5,6, 7'
Potassium o-Bromobenzenesulfona.te
Sample
nwnber

5
5'

6

6•

7

7'

Corrected count per
milliequiva.lent of sample

Count rate
- background

avg. 5,5 1 ,6,6 1 ,7,7'

23.47
19.69
20.75
21.54
23.52
19.73

t 0.76

t
t
t
t
t

353.5
329.6
311.9
36lp4
355.6
330.2

0.90
0.92
0.94
0.98
0.90

34o.4

t 11.5

t 15.0
t
t
t
t

-t

13.8
15.8
14.8
15.1

14.3

Barium m-Bromobenzenesul.f'ona.te
Sample
number

16
17
17'
18
18 1

Count rate
- background

50.42
38.87
30.53
38.73
30.60
avg. i7,17 1 ,18,18 1
Total count

t
t
t
t

0.70
0.58
0.50
0.58
0.50

5 x net
Corrected count per
count rate milliequivs.lent of sample

252. 1
194.4
152.7
193. 7
153.0

t
t
t
t
t

3.5
2.9
2.5
2.9
2.5

4,573
3,526
3,245
3,514
3,251
3,384

t 63
t 52
t 53
t 53
t 53
ii 53

79,860 t 250

Table VII.

Activities of the samples in experiment 68-H.

Potassium ,E-Bromobenzenesulfonate
Sample

Count rate

3
4

17,770
18,310
18,4oo

number

5

avg.

- baCktF:ound
-1;

i.

-t

30
30
30

4,5

Corrected count per
milliequivalent of sample

268,200 -t 490
276, 200 -t 490
278,100 t 490
277,150

i.

490

Potassium o-Bromobenzenesulfonate
Sample
number

Count rate
- background

142.2 t 3.0
139.1 ± 2.9
132.6 t 2.8

3

4
5

Corrected count per
milliequivalent of sample

2,176 t 45
2,095 t 44
2,089 t 42
2,092 t 43

avg. 4,5
Barium m-Bromobenzenesulfonate
Sample
number

Count rate
- background
456. 7 t 4.8

19

4,38.2 t 4.6
445.0 t 4.6

20

21

avg. 20,21
Total count

Corrected count per
milliequivalent of sample

8,285 -f 86
7,918 t 83
8,072 t 84
7,995 t 84
79,860

-t

250
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Oemp.titive
Sulfonation.-The reactions were carried out as described
.

earlier.

The samples were counted by means of a Parker Tri- Carb liquid

scintillation counter.
Table VIII •hows the final counts and the relative rates for toluenebromobenzene and bromobenzene-benzene for each experiment.

The relative

rate of sulfonation of toluene relative to benzene at the same cenditions
as used in these experiments is 29.5 (30).

From the relative rate values

and the isomer distribution the partial rate factors were determined
(Table IX).

Table VIII.

Expt.

70-H
71-H

count
number

Final count• per minute and rate ratios ·far competitive
sulfonation ef toluene and bromobenzene,
ceunts
per minute
per mg.

k

tohutne
k
.

bromobenzene

Br 10
Bi,;,U
T 3
T 4

554
632
1673
1618

T

463
1437

9.7

Average

9.4 ± 0.5

Br 6
Br 7
3

Table IX.

k

bromebenzene

k .,

benzene

464

.

-· .

Partial rate factors ·for sulfonation of bromobenzene
with sulfur trioxide.
!!f'

18 ± 2

0.,3

±

0.1

Equations 21 and 22 were used to correct for the different dilution•
•f the two sulfonic acids when aliquots ef the reaction mixture were added

-89to the pure inactive salts.
following manner:
18 a and b.

This equation was empirically derived in the

The dilution of each isomer is given by equati.ons

The primed letters represent the moles of active sulfonic acid

di lution= -x:t-..
't + xt'

(a)

dilution= -X~-b

+ y b'

(b)

(18)

in the reaction mixture (t = toluenesulfonic acid, b = bromobenzenesulfonic
acid), the unprimed letters represent the moles of inactive material used
as the diluent and x and y represent the fraction of the total reaction
mixture diluted.

If the reciprocal of the dilution is multiplied by the

molar activity of the final samples counted (n1 = .E,-bromobenzenesulfonic
a cid, n 2 = Q-toluenesulfonic acid) and corrected for the isomer distri-

bution by dividing the fraction of para isomer (0.96 for bromobenzenesulfonic acid, 0.85 for toluenesulfonic acid (30) into the product of

the molar activity and the dilution an expression for the total activity
of either acid in the reaction mixture is obtained.

If the equations for

the total activity of the acids are combined in a ratio equation 19 is
obtained.
b+yb '

By assuming that the products yb I and

t + xt'
xt '

n

_2

Q~2£
0.85

xt I are small compared

= moles of toluenesulfonic acid t'
(19)
moles of bromobenzenesulfonic acid b 1 )

with band t respectively equation 20 is obtained.
toy and b was equal tot.

In this work x was equal

The equation then simplifies to 21.

By assum-

0.96

yb'

t '
=
.0.85
b1

b

(20)

ing that the total concentration of sulfonic acids (T) in the reaction

0.96
0.85

(21)

-90mixture i.s equal to the added sulfur trioxide, equation 22 is obtained.

t

1

+

b'

= T

(22)

F.quations 21 and 22 were then solved sbnulta:neously.
It is interesting to note that in sulfonation with sulfur trioxide in
refluxing sulfur dioxide bromobenzene sulfonates three times as fast as
does benzene ( T tble VIII).

This sugeests that in sulfonat:ion of bromo-

benzene the substrate participates to a greater degree than in the case
o.f sulfonation of benzene.

Knowles and his co-workers (37) have postulated

that such would be the case for reactions in which the substrate-reagent
bond is essentially complete in the transition state.

SECTION III
EXPERIMENTAL DEI'AILS
Potassium p-bromobenzenesulfonate--(expts. 62-H, 65-H).

This salt,

and the two following salts were all prepared by the method of Meerwein
(51).

To 43 g. (0.25 moles) of reagent gradL J?_-bromoaniline dissolved in

50 ml. of ethyl ether was added, dropwi.se with stirring, 85 ml. of concentrated (12 molac) hydrochloric acid.

The resulting slurry was cooled

in an ice bath to below 10° C. and a cold solution containing 19.0 g. (0.276
moles) of sodium nitrite in 30 ml. of water was added dropwise with
stirring.

The diazonium salt was then added to a cold mixture containing

200 ml. of glacial acetic acid saturated with sulfur dioxide and 10 g. of
cupric chloride dihydrate dissolved in as little water as possible.

The two

mixtures were combined in a 4 1.- beaker to contain the foam resulting from
the reaction.

The reaction was very rapid accompanied by a rise in temp-

erature and the formation of a yellowish green foam which apparently contained much of the product.

After gas evolution had ceased, the solution

was diluted with 11. of ice/ice-water mixture .

The sulfonyl chloride

immediately precipitated out and was separated from the solution by filt r ation.
The solid sulfonyl chloride was added to 250 ml. of water and an
excess of potassium carbonate and heated on a steam plate until the sulfonyl
chloride was completely hydrolized.

The orange solution was treated with
-91-

-92Norit · and filtered hot.

Water was removed by boiling the solution, until

crystals formed on the surface when a slow stream of air was directed against
the liquid surface.

The solution was then cooled in an ice bath and the

crystals collected.

The product was recrystallized from water and the

crystals collected and dried.
were negative.

Tests for chloride ions and carbonate ions

Yield 53%.

The S-benzylisothiouronium derivative was prepared.
(lit. (55) 170°C.)

M. P. 177-8°C.

c14H15 o3N S

Br: N, 6.95. Found: N, 6.98, 6.90.
2 2
futassium o-bromobenzenesulfonate-(expt. 72-H). To 50 ml. of glacial

~ . Calcd. for

acetic acid, cooled to below 10° C. and saturated with sulfur dioxide, was
added 1.98 g. (0.147 mole) reagent grade, anhydrous cupric chlorjde dissolved in the least possible amount of water, and diazotized £-bromoaniline
prepared in the following manner:

£-Bromoaniline, 10. 75 g. (0.062 moles)

reagent grade, was dissolved in 20 ml. of ethyl ether and stirred while 22 ml.
of concentrated (12 molar) hydrochloric acid was added dropwise.

This slurry

was then cooled in an ice bath and a cold solution of 4,75 g. (0.069 moles)
sodium nitrite in 8 ml. of water added dropwise with rapid stirring.
After the addition of the diazonium salt to the acetic acid mixture,
gas evolution began immediately with nruch foaming.

After gas evoluti on had

stopped the reaction mixture was diluted with 11. of ice/ice- water mixtur e .
The sulfonyl chloride immediately separated out as a reddish-brown oil,
(density of the product is greater than that of water).

The mixture was

separated by means of a separatory funnel and the aqueous phase was washed
with ethyl ether and the washing added t o the crude product.
The ether was distilled off and 9 .0 g. of potassi um carbonate cli.s s=

-93olved in 50 ml. of water was added to the residue in the pot.

This mixture

was refluxed until hydrolysis of the sulfonyl chloride was complete.

It

was necessary during the course of the hydrolysis to add an additional gram
of potassium carbonate to keep the mixture basic.

The hydrolysis reaction

mixture was filtered hot and the filtrate a~in heated to reduce the volume.
The volume was reduced until a crystal layer appeared on the surface of the
liquid in an uncovered beaker.

The beaker was then covered w1 th a watch

glass and the crystals allowed to redissolve before removing the beaker from
the heat.

The filtrate was allowed to cool slowly to room temperature and

then placed in an ice bath to complete crystalli2,a tion.

The crystals of

potassium £-bromobenzenesulfona.te were collected by filtration and dried.
A second crop of crystals was obtained.
carbonate ions were nefP.tive.

Tests for chloride ions and

Yield 69.%.

The S-benzylisothiouronium derivative was prepared.
~•

Calcd. for c1 41115o3N2s~:

N,

M. P. 148.5-

6.95. Found: N, 7.o4, 6.84.

Barium m-bromobenzenesulfona te--( expt. 73-H).

_!•Bromoa.niline was

diazotized by dissolving 10.75 g. (0.o62 mole) reagent grade .!•bromoaniline in 20 ml. ethyl ether and adding 22 -ml. of concentrated (12 molar)
hydrochlorj..c acid dropwise while stirring and cooling (10°

c.). A cold solu-

- tion (10° C.) containing 4. 75 g. (o.o69 moles) of sodium nitrite in 8 ml. of
water was then added dropwise to the slurry with rapid stirring.

Them-

bromobenzenediazonium chloride mixture was poured rapidly into 50 ml. of
acetic acid which had been cooled to below 10° C. and saturated with sulf'ur
dioxide and to which had been added 1.98 g. (0.147 moles) reagent grade,
anhydrous cupric chloride dissolved in the least possible amount of water.

-94Gas evolution, with much foaming, started immediately upon the combination of
the two solutions.

The quantity of foam was approximately eight times the

volume of the initial mixture.

Very rapid stirring of the foam will usually

keep it within the limits of a beaker eight times as large as the initial
volume of the reaction mixture .
in temperature .

The gas evolution is accompanied by a rise

After the gas evolution had ceased and the foam subsided

the reaction mixture was diluted with 500 ml. of ice/ice-water.
immediately settled out as a heavy, reddish-brown oil.

The product

This oil was sep-

arated from the aqueous phase by means of a separatory funnel and the aqueous
phase washed with ethyl ether and the ether wash added to the oil.
ether solution was separated by distilling off the ether.

The oil-

The sulfonyl

chloride was then hydrolized by refluxing with 50 ml. of water containing
9.0 g. of potassium carbonate.

It was later necessary to add an additional

gram of potassium carbonate to maintain a basic solution.
reaction ~ure was filtered hot through a Darco

The hydrolysis

SO filter bed and the

filtrate evaporated until crystals appeared on the surface of the liquid
in an uncovered beaker.

The beaker was then covered with a watch glass and

heating continued until the surface crystals had redissolved.

The solution

was then allowed to cool to room temperature.
Crystallization is so rapid with the potassium £!-bromobenzenesulfonate
that the solid appears essentially amorphous.

Because of this rapid cry-

stallization co-precipitation becomes a problem and it is extremely difficult to purify the potassium salt.
The crude yield of potassium £!-bromobenzenesulfonate was 79%.

This

was converted to the barium salt by adding a slight excess of barium chloride
to the hot solution of the potassium salt and filtering through a Darco 6o
filter bed to remove the slight cloudiness from the solution .

Cb cooling

the barium !!!qbromobenzenesulf'ona.te precipitated out as flat plates.
The S-benzylisothiouronium derivative was prep:i.red.
~o

Calcd. for C14H1503N2s2Br:

N, 6.95; Found:

Sodium p-Bromobenzenesulfona.te-- (expt.

Yield

M. P. 132-3.
N, 6083, 6.92.

44-H). To ,36.o

g.

(0.184

moles) of technical grade sodium su/fanilate dissolved in 50 ml. of water
and 90 ml. of

48%

hydrobromic acid and cooled to 5° C. with constant

stirring, was added 12.7 g. (0.184 moles) reagent grade sodium nitrite
dissolved in 75 ml. of ice water over a 3-4 minute period.
mixture was then stirred rapidly, while
cupric bromide dissoJ.ved in 75 ml. of

41

48%

The reaction

g. (0.184 moles) of reagent grade

hydrobromic acid,

was added rapidly.

The reaction mixture was then poured into a 4 1. beaker and allowed to warm
to room temperature.

No

€?,3.S

evolution was observed.

tion was heated on a hot plate to 75°

c. where

€?,3.S

The dark purple solu-

evolution be@:l.n.

completion of the reaction as show.n by the cessation of

&3-s

Af'ter

evolution, the

reaction mixture was diluted with distilled water until it reached a light
green color.

It was then neutrallized with sodium carbonate and made basic

with sodium hydroxide to a pH of ll.

This precipitated the cupric ion a.s

the hydroxide which was then removed by filtration.

The filtrate was treated

with Norit, filtered and evaporated dow.n until crystals appeared on the
liquid surface in a.n uncovered beaker.

The solution was then cooled and

the crystals collected on a Buchner funnel and recrystallized from 50%
ethanol giving a salmon pink product with poor crystalline character.
S-benzylisothiouronium derivative was prep:i.red.
(55) 170°

c. ).

Sodium m-bromobenzenesuJ.fona.te--

M.

The

P. 176.7° C. (lit.

(expt. 51-H).

To 90 mJ.. of 48%

hydrobromic acid cooled too° C. was added rapidly with good stirring a

-96cold solution of 36 g. (0.184 moles) of sodium metanilate and 12.7 g.
(0.184 moles) of sodium nitrite dissolved in 50 ml. of water.

The temp-

erature increased slowly to 28° C. and was then reduced back to 0° C.
nitrogen evolution was noted.

An

No

additional 100 ml. of cold, 48% hydro-

bromic acid was added followed by 11.7 g. (0.184 moles) of copper powder.
The reaction mixture turned a dark purple and as the.temperature increased
to room temperature nitrogen evolution was observed:

After gas evolution

had ceased the following procedures were tried on small samples of the
reaction mixture in an attempt to break up the complex and separate out
the product :
(1)

Samples of the reaction mixture was diluted with distilled water
in both acidic and basic solutions with no results.

(2)

A sample of the reaction mixture was made basic and an excess of
sodium bicarbonate added in an attempt to precipitate out the
bromide ion as sodium bromide. No results were obtained.

(3)

A sample of the reaction mixture was neutrallized and silver
nitrate added in an attempt to break the complex by precipitating silver br_omide. This also failed.

This procedure was then abandoned.
Radioactive sulfur dioxide- (S-35) (expts. 40-H,41-H).
is an adaption of the procedure of Johnson and Huston (52).

This procedure
A reaction train

was set so that oxygen coming from a tank would pass through a calcium
chloride tube, an ascarite tube, over a combustion boat, through a tube
packed with glass wool, into a liquid nitrogen trap and from there to a
manostate and a vacuum pump.

During a reaction the pressure in the system

was 610 mm. of mercury, 30 of which was due to oxygen.

The reaction was set

up by mixing together 1 g. of red phosphorus, 1 g. of barium sulfate (S-35)
and 1 g. of phosphorus

pentoxide and packing the mixture in the combustion

-97boat and around a small coil of resistance wire.

Leads from the coil were

run outside of the system and attached to a powerstat.

The reaction was

carried out by placing the boat in the reaction vessel, connecting the leads,
reducing the pressure and adjusting the o:xygen pressure to 30 mm. over the
initial pressure of the system.

When the system was ready the s'Witch was

closed jgniting the reaction mixture.
slow, even flame.

The reaction went smoothly, with a

The gases were carried through the tube of glass wool,

where the phosphorus pentoxide condensed, and into the liquid nitrogen trap
where the sulfur djoxide (S-35) condensed.
in making the sulfur trioxide (S-35).

The sulfur dioxide was then used

The yield was calculated by expelling

all of the sulfur dioxide from the trap into a hydrogen peroxide solution
and titrating the resulting sulfuric acid.

Yield 38.6%.

Catalytic preparation of radioactive sulfur trioxide (S-35.-{ex.pt.
42-H).

This procedure is the one used by Joseph Knight (50).
A combustion tube filled 'With platinized asbestos was placed in a tube

furnace and heated to 400° C. while a stream of o:xygen was passed through
the tube.

A liquid nitrogen cold trap was then placed on the exit end of

the combustion tube and the cold trap containing the sulfur dioxide (S-35)
made in the above experiment connected to the entrance end of the combustion tube and the sulfur diox5.de carried into the tube 'With an oxygen
stream" The exit gases were caught in the liquid nitrogen trap for later
use.

When radioactive sulfur dioxide {S-35) was used much of the activity

appeared to remain on the catalyst •
.Exchange preparation of radioactive sulfur trioxide (S-35).-(expt.
66-H).

This procedure adapted from the procedure of J. L. Huston (53).
The reaction vessel shown in Figure X was constructed.

Into sec-

- 98tion A of the reaction vessel was placed a magnetic stirring bar and 0 . 5 g.
of barium sulfate which had been prepared by adding J.0 g. of bariurn sulfate

B

A
Figure X.

Reaction vessel for S-35 exchange.

and 0.25 g. bariurn chloride to a weak hydrochloric acid solution of a sulfate containing 20 me. of sulfur-35.
H2 o and dried.

This material ~as filtered, washed with

Into section B was placed 1.0 ml. of Sulfan B (stabilized

sulfur trioxide) by means of a long thin dropper.

The sulfur trioxide was

then frozen with liquid nitrogen, the system evacuated to approximately
2-3 mm. of mercury and tube C sealed off at the tip.
was vaporized and condensed in section A.

The sulfur trioxide

The mixture of sulfur trioxide

and barium sulfate (S-35) was stirred continuously for a week using a
magnetic stirrer.

The heat from the motor of the stirrer was sufficient

to keep the sulfur trioxide in the liquid form.

Huston found it necessary

to distill the sulfur trioxide occasionally to keep it in the liquid form .
When the enriched sulfur trioxide (S-35) was needed for a reaction it was
condensed in the end of tube C which was cut off and put into the sulfonation flask.

Huston reported 28%

trioxide after three days.
measured.

transfer of the radioactivity to the sulfur

The degree of activity transferred was not

-99Separation of barium sulfate~ barium m-bromobenzenesulfonate.-( expt. 64-H).

This experiment was run to determine if barium sulfate,

obtained as a by-product from the addition of barium chloride to an aliquot
of the isomer distribution reaction mixture, could be separated from barium
fil-bromobenzenesulfonate.
To 7.6 g. (0.0125 moles) of barium fil-bromobenzenesulfonate was added
approximately 1 mg. of active barium sulfate (S-35).

This mixture was

dissolved in 125 ml. of hot water and the volume of the solution reduced
to 75 ml.
(1).

After cooling the crystals were collected and a sample counted

The crystals were then redissolved in hot water, and the solution

treated with Norit, filtered through a Whatman #3 filter pad and evaporated
down to the saturation point.
sample was counted (2).

After cooling and filtering another crystal

The filtrate from this separation was concentrated,

cooled and a sample of the resulting crystals was counted (3).

The crystals

from 2 were redissolved in hot water, but the solution was not saturated,
and the solution allowed to cool.
counted (4).

The crystals were collected and a sample

The filtrate from 4 was heated, concentrated, cooled and the

crystals collected.

A sample of these crystals was counted (5) and the

remainder recrystallized once more from hot water, collected and a sample
counted (6).
The samples counted were all dried at 183° C. for 14 hr., ground up

...

fine and 40 - 0.3 mg. of each plated out on a planchet by slurrying with
acetone.
The flow sheet illustrates the procedure followed .
sample is shown in parentheses after the sample number.

The count of each
Each vertical line

denotes a recrystallization from water and each horizontal line denotes
crystallization of the filtrate.

-100Mixture of Ba(m-Br¢s03)2
and Baso4 (S-35)

treated with
Norit
solution 2/3
saturated at 95° C.

j

solution saturated at 95° C.

ff

2

(200 cpm)% filtrate

t1-

4 (308

#1 (9064 cpm)
l solution saturated at 95° C.

j

cpm)

filtrate

,

ff

3 (580 cpm)

,

71-

5 (289 cpm)

solution saturaJed at
95 ° C.

# 6

1

(192 cpm)

The rapid loss of the barium sulfate as the material was recrystallized
(14/15 lost from first recrystallization) shows that barium sulfate (S-35i
will probably not cause problems in the counting and recrystallization of
barium E!-bromobenzenesulfonate.
Specific activity. J (X). curve

f2!:. potassium p-bromobenzenesulfonate.

(S-35)-The procedure of Yankwich, Norris and Huston (54) was used in preparing this curve and also the curve for the barium E!-bromobenzenesulfonate.
The filtrates resulting from the recrystallization of potassium
~bromobenzenesulfonate (S-35) in experiment 67-H were concentrated and
the crystals collected.

These crystals were dried, ground up into a fine

powder and amounts ranging from 0.0058 g. to 0.1989 g. were placed in separate planchets.

The powder was plated out in the planchet by swirling a

slurry of the salt in 2-butanone.

Table X contains the counts and weights

~he sample layer in the planchet curled and broke on drying.
resulted in an erronous count.

This

=101of each sample.

Figure VIII shows the curve resulting from a plot of count

Table X.

Sample weights and activities in counts per minute for the
specific activity curve of potassium 12-bromobenzenesul
fona.te.
0

Sample
number

Weight

Counts per
minute

5.8

2,659
3,5o6
4,572
5,732
5, 087
5,449
6,120
6,834
6,009
6,564
8,182
8,388
8,182
8,835
9,244
8,914

in mg.

1

8.o

2

13.4
15.8

3

4

19.6
20.9

5
6

21.4

7
8
9

21.6

28.7
30.5
31.7
41.9

10

11

12

13
l.4
15
l.6
17

18

19
20

21
22

23

24

25
26

46.4

49.7
57.8
61.7
70.6
76.1
81.2
93.4
97.1
103.2

122.7

150.4
168.8
198.9

per minute vs sample thickness.

8,914

9,509
9,985
10,086
9,331
10,086
10,086
10,086
10,623
10,623

Table XI contains the J (X) values calcu=

lated from Figure VIII and Figure XI is a plot of the J (X) values vs the
sample thickness.

The calculations were carried out using the equations

and teclmiques described under "Self-absorption and self-scattering" in
Section II.

Table XI.
X

0
1

J (X) values for potassium £-bromobenzenesulfonate .

G(X)

J(X)

0.000
.199

1.000
.930

.838
•725
.638
,567
.513
.433
.375
.284
.225
.185
.156

.359
.465
.546

2

3
4

.60?

5

.659
,741
.802
.911
.964
.990

6

8

10

15
20

25

JO

1.000

Specific activity, l(&, curve for barium m-bromobenzenesulfonate.
S-35.-- The filtrates resulting from the recrystallization of barium~bromobenzenesulfonate in experiment 67-H were combined and the solvent
evaporated until a saturated solution was obtained.

This solution was

cooled and the crystals collected on a Buchner funnel.

The crystals were

dried, ground to a fine powder and samples weighing from 5 mg. to 200 mg.
were placed in planchets and plated out by swirling a slurry of the salt
in acetone.

Table XII contains the counts and weights of each sample.

Figure IX shows the curve resulting from a plot of the activity in
counts per minute vs. the sample thickness.

Table XIII contains the

J(X) values calculated from Figure IX and Figure XII is a plot of the
J(X) values plotted against the sample thickness.

The calculations were

carried out using the techniques and equation discussed under
absorption and self-scattering" in

11

11

Self-

Section II. 11

Isomer Distribution.--(expts. 67-H, 68-H) .

The 500 ml~flask shown

in Figure XIII was cooled in a Ory Ice-acetone cold bath and the D.ry lee

-10.3Table XII.

Sample weights and activities in counts per minute for the
specific activity curve of barium !!!-bromobenzenesulfonate.

Sample
number

Weight
in mg.

Counts per
minute

1
2
.3
4
5
6
7
8
9
10
11
12
13
14
15
16

5.1
8.7
1.3.4
19.8
.31.2
40.9
51.2
62.9
72,8
84.2
9.3.0
112.6
131.9
156.5
178.2
199.6

1,41+5
2,222
.3,180
.3,802
4 •.390
h, G37
5,010
5,166
5,.304
5,480
5,.390
5,732
6,08.3
5,572
5,60.3
6,046

Table XIII.

J (X) values for barium !!!-bromobenzenesul!onate.
\

X
0

1

2

.3

4
5
6

8

10
15
20
25
30

G(X)

J(X)

0
.238
.406
-542
.627
.679
.725
.800
.843
.886
.941+
.975
1.000

1 , )00

condenser was also filled with the D.ry Ice-acetone slush.

l. GU1

.855
•760
.658
.571
.508
.420
.354
.242
.198
.164
:140

Sulfur dioxide

was then admitted into the flask through the standard taper joint until the

- --•· --- -- - ~

'/

//

1.0

J(X)

I

Activity
cpm

0

Figure IX.

0.5

200
Self'-absorption curve for barium m-bromobenzenesulf'ona.te.
50

rog/4e53 cm2

150

o.o

O

Figure XII.

10 rog/cm2

20

--

Specific activity curve
of barium !-bromobenzenesulf'ona.te.

30
1

1.0

J(X)
Activity
cpm

0.5

0
50 mg/4.53 cmc
150
200
Figure VIII. Self'-a.bsorption curve of potassium
12-bromobenzenesulf'ona.te.

o.o

0

Figure XI.

10 m.g/cmc

-----20

Specific activity curve
of pota.ssium,12-bromo
benzenesulf'ona.te.

30

-105flask was half filled with liquid sulfur dioxide .

Before removing the cold

bath 1.0 ml. of S-35 enriched sulfur trioxide was admitted by placing the
open end of the tube containing the solid sulfur trioxide through a stopper
and into the reaction flask via the standard taper joint .

The solid sulfur

trioxide was melted and driven into the reaction flask by playing a small
flame along the tube.

The cold bath was removed and the flask allowed to

I

Figure XIII.

Sulfonation reaction flask fitted with a Dry Ice
condenser and male 24/40 joint ,

warm up to the r e flux temperature of the sulfur trioxide (-13° C. at 650
nun of Hg) .

The Dry Ice condenser was kept filled at all times .

Reagent

grade bromobenzene, 3 . 80 g . (2.42 x 10 -2 moles), was then added dropwise
to the reaction mixture with constant stirring .

After the reaction had

reached completion the flask was set aside in the hood to allow the sulfur
diox ide to evaporate.

After the sulfur dioxide had evaporated the con-

tents of the flask were flushed out with water and the mixture neutralized
with potassium carbonate .

The reaction mix ture was extracted with ether

to remove excess bromobenzene and any sulfone that may have formed.

Equal

amounts of the aqueous phase were added to 0.0908 equivalent of each salt
(25.00 g. each of the ortho and para potassium salts and 27.68 g. of the
meta barium salt).

In addition 0 . 80 g . of reagent grade barium chloride-

-106dihydrate was added to the meta mixture to convert t he potassi um salts from
the reaction mixture to barium salts.
until a constant count was obtained.

Each isomer was t hen recrystallized
Fifty mg. dried samples of each

crystallization were slurried in separate planchets using acetone for the
potassium salts and ethyl ether for the barium salts.
was used in counting the samples.

Tracerlab equipment

The Geiger tube was a Tracerlab TGC-14.

For the results see Tables V, VI, and VII in "Section II".
Competitive Sulfonation.-- (expts. 70-H, 71- H)

To 5.35 g. (5o81 x 10-2

mole) of reagent grade toluene and 45.5 g. (0.290 mole) of r eagent grade
in approximately
bromobenzene dissolved
.

2oq ml.

of sulfur dioxide (re-.

fluxin& -13~ Co) was added slowly with agitation approximately 150 ml. of

liquid sulfur dioxide containing 1 0 2 ml. (2 0 9 x 10-2 mole) ~f S-35 enriched
sulfur trioxide.

After the sulfur trioxide had been added t he reac ti on

mixture was left alone while the sulfur dioxide evaporated .

An aqueous

solution of potassium carbonate was added to the residue until CO2 evolu-

tion had ceased.

The organic phase was separated from the aqueous phase

with a separatory funnel and the aqueous phase was washed with ethyl ether.
The aqueous solution was d~lut~d to 50 ml. with water and 20 ml. of this
solution was
. added to 20 g 0. (0 0 072 mole) of potassium ,E:-bromobenzenesulfonate.
and 20 ml. was added to 15 2 g. (0.072 mole) of potassi um ,E:-t oluenesulfonate.
0

Each salt was then repeatedly recrystallized until a constant count rate
was obtained.

Twenty mg. of each crystallization was placed i n an optically

clear vial and a drop of water added to dissolve the salt.

A small a.mount

of Oab-o-sil was added to sorb the solution and the samples were dried in a
vacuum oven (850

c.

and 20 nnn. Hg) for several hours.

was added to fill the vial and 18 ml

0

of scintillator solution (30 g. 2,5-

diphenyloxazole in 1.0 1 toluene) added.
0

Additi onal Cab-o-sil

The samples were counted in a

-107-

Pa.rker tri-carb ·Sdntillation counter.
in Table VIII section II.
experiments is

·9.4

The final count rates are shown

The average experimental rate ratio for the two

toluene to bromobenzene.
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PART III
PRELIMINARY SURVEY ON THE EFFECT OF
HIGH PRESSURE ON FERROCENE AND
CYCLO&TATEI'RAENE

SECTIOO I

INTRODUCTION
Nomenclature.--The field of high pressure and high temperature has
expanded tremendously in the past fifteen years.

With this increase in

both the amount of work done and the range in which it is done has come a
variation in terminology.

Publications having the term 11high pressure"

in the title may be concerned with pressures ranging from three hundred
atmospheres to three hundred thousand atmospheres.

To bring order to

this nomenclature Giardini and Tydings (1) have suggested the classification shown in Table 1.
Table 1.

Nomenclature classifications of pressures and
temperatures (1).

Descriptive terminology
Low
Moderate
High
Very High
Ultra High

Pressure range
in atmospheres
below 3 x 102
3 X 102 to 3 X 103
J X 103 to 3 X 104
J X 104 to 3 X 105
beyond 3 x 105

Temperature range
in Deg. Kelvin
below 3 x 102
3 X 10°2 to 3 X 103
3 X 103 to 3 X 104
3 X 104 to 3 X 105
beyond 3 x 105

Four units of pressure are commonly used, these are: an atmosphere,
equal to 14.70 pounds per square inch; a bar, equal to 750 mm of mercury
or 0.9868

atmospheres; a kilogram per square centimeter (kg/cm2 ), equal

to 0.9678 atmospheres; and a kiloatmosphere (kats), equal to 1,000 atmospheres.
Eguipment.-All pressure equipment have certain features in common.
-112-

-113-

They ha.ve a cavity to contain the sample and a moving piston to compress
the sample.

The sample cavity varies from a sin1ple washer of catlinite

having the sample in the center (2) through the various modifications of
piston-cylinder arrangements to the tetrahedral arrangement used by Hall

(3) where the sample is contained within a pyrophyllite tetrahedron.
Pressure devices may be classified into two broad catagories.

First,

those in which the pressure is transmitted directly to the sample by direct
contact between the sample and the piston face.
Bridgrnar 1 s

Examples of this type are,

anvil (2), Griggs' and Kennedy's heated anvil (4), Coes' double

piston device

(5), Hall's stepped piston device (3) and Giardini's and

Tydings' supported stepped piston device

(1,6). Second, those devices in

which the pressure is transmitted to the sample via a transmitting medium.
The most conunon example of this type is the bomb pressure device used in
catalytic hydrogenations in which the pressure is transmitted by a gas.
other examples in the high and very high pressure range are, Hall's
tetrahedron device (3) Drickamer's enclosed anvil device (7) Geardini's
and Tydings' enclosed anvil device

(1),

and Hall's belt apparatus (8).

At very high pressures all usable fluid pressure-transmitting media
which work well below 30 kiloatmospheres have solidified and developed
relatively high shear strengths.

Therefore it is necessary to choose a

solid material which has a low shear strength in the very high pressure
range.

Giardini and Tydings

(1) list the materials shown in Table II as

suitable pressure-transmitting media at very high pressures.

The material

of choice, of course, may depend on factors other than low shear strength such
as thermal and electrical conductivity.
CalibrationThe more exotic pressure devices are calibrated by observing the press

-114Table II.

Several Solid Pressure-Transmitting Media

Compounds
AgCl
AgCN
AgBr
Ag 2so
CaC0.3 4
CoCl.3
CuCl
PbC03

Aggregates
CuC1 2
HgCl
Hg2so4
NaCl

~bCl04
PbS04

hot pressed BN
lithographic limeptone
soapstone
pyrophyllite
Catlinite

load at which phase changes occur in different elements.

Bridgman (9)

has observed that some of these phase changes are accompanied by sharp
changes in the electrical resistance.

Bismuth (24.8 kats), thallium (4.3.5

katsh cesium (53.2 kats) and barium (77.4 kats) exhibit very sharp changes
in electrical resistance at the pressures shown in the parentheses.

If a

small wire of the pure element encased in a silver chloride sheath, which
transmits the pressure extremely well, is placed in the sample cavity and
the press load plotted against the electrical resistance as the pressure is
increased a very sharp break in the curve will occur corresponding to the
phase change.

Plotting the press load of the observed changes against the

pressure at which the changes are known to occur gives the pressure calibration of the apparatus.
Sample heating during pressure application is accomplished either by
immersing the entire apparatus in a heat bath, which greatly lowers the
strength of the apparatus and therefore decreases the maxinrum obtainable
pressure, or by inserting a resistance heater into the sample cavity and
heating by means of a low voltage current.

The latter arrangement allows

the simultaneous application of both very high pressure and moderate to

-115high temperatures to the sample.

The figure shows the construction of a

sample container which is heated by a resistance heater.

The temperature of the sample is obtained by the use of thermocouples.
Hall (10) indicates that the deviation of a Chromel-Alumel or a platinum!'

pla.tinum-10% rhodiun :.hermocouple is less than~ 3 at 1,000 C. and 100
kats.

It is possible to construct a teu;perature calibration curve by plot-

ting the thermocouple temperature a.E'f3,inst the power input in -watts.

Such a

plot is useful. in that it allows observations to be mde without the work
of inserting a thermocouple for ea.ch run.

The plot is a

straight line

plot (3).
Effects~ pressure~ temperature.--Pressure and temperature are
two mutually antagonistic forms of energy.

The application of heat to a

system tends to expand the system increasing the disorder or entropy.
Pressure on the other hand opposes this eJCill.nsion and tends to increase
the order of the system.

An example of this opposition is found in the

chemistry of phosphorus.

White phosphorus normally crystallizes in cubic

crystals, the alpha form (specific gravity 1.8232), but at temperatures
below

.77°c, the crystalline form changes to hexagonal crystals, the beta

form (specific gravity 2.699).
can be produced at

6o0 c.

The same hexagonal crystals (the beta .:·orm)

by increasing the pressure to 12 kiloatmospheres

(11).

In synthesis work the combination of high pressure and temperature
can be a very powerful tool.

In competing reactions having different V's

-116of activation, one reaction may be favored over the other by a change in
the pressure.

Another synthetic application is the stabilization of a cry-

stalline form or compound at temperatures at which they are normally not
stable.

Diamonds can be synthesized from ordinary carbon at temperatures

around 2,000° C. and pressures in the neighborhood of 100 kiloatmospheres

(12) while at ordinary pressure they are definitely a metastable crystalline
form of the more stable graphite.

Borazone, cubic boron nitride, is one of

the new compounds formed under high pressure and temperature conditions.
Borazone however, is probably not a metastable compound, it has recently
been synthesized by high temperature low pressure methods (13).
Very little work has been done on organic materials at very high
pressures.

I. S. Bengelsdorf (14) has reported the trimerization of various

aromatic nitriles to form the ,e.-triazines using pressures from 35 to 50
kiloatmospheres and temperatures from 350°c to 545°c.

The transition state

for the reaction has a smaller volume than the uncombined reactants.

Be-

cause of this situation pressure has a very favorable effect upon the rate
of reaction.

Benzonitrile under 7.5 kiloatmospheres for 18 hours gives a

six percent yield of the triazine, however, at a pressure of 50 kiloatmospheres and a temperature of 430° C. for six minutes benzonitrile gives a
near quantitative yield of the pure compound.

In 1957 Bengelsdorf (15,16,17) using the "belt appartus 11 investigated
the effects of very high pressure and temperature on a series of hydrocarbons, ketones, aldehydes, alcohols, phenols and ethers.

He reported

that known condensations readily occur and at greatly increased rates.
However, for the most part the effect of high pressure was to polymerize
and/or degrade the compounds.
Unsaturated hydrocarbons (16) either failed to react under very high

-117pressure even when heated or they polymerized to high molecular weight
compounds.
tions.

An

Bicycloheptadiene and isoprene both carbonized under the condiattempted trimerization of phenylacetylene, analogous to the

trimerization of benzonitrile, gave an orange solid which was not identified .
It was suggested the solid was the nickel salt of the acetylene, the nickel
coming from the walls of the nickel sample container used.

SECTION II

DISCUSSION OF RESULTS
Cyclooctatet.raene Background.--Cyclooctatetraene was first r eported in
the literature in 1911 (18) but because of the complete non- aromatic nature
of the compound the results were severely questioned.

Cope and Overberger

(19) in 1947-48 vindicated the earlier work and demonstrated that the product of the synthesis has the same properties as the cyclooctatetraene prepared by the polymerization of acetylene (20).
Cyclooctatetraene exists in the tub
(21,22,23).

The bond lengths are 1.34

or boat structure shown below

A for the double bonds and 1.54

for the single bonds with the C-C=C bond angle equal to 120 °.

A

The structure is

analogous to a wire cube that has had four connecting ·w ires removed and
then been spread out slightly.
The structure of cyclooctatetraene is such that it presents itself
for a unique experiment in high pressure chemistry.

As mentioned previously

the structure resembles a slightly spr ead out wir e cube .

The possibili ty

exists that the system when placed under pressure will fold up into a cube
allowing overlap of the

11

pi 11 clouds of the double bonds leading to forma-

tion of the cubic compound, cubane (pentacyclo [4.2. o.02 , 5.o3, 8.o4, 7]
octane).

The cubic compound, f r om consideration of the models , should

occupy roughly 2/3 of the volume of the normal cyclo~ctatet raene and roughly
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3/4 of the voJ.ume of plamr oycJ.oocta.tetraene.
Weltner bas calculated the heat of forliBtion of cubane from valence
bond theory and obtained a value of 160 kilocalories per mole of which 130
kilocalories are due to strain (24).

This compares with

76.; kilocalories

per mole for the heat of fonnation of cycloocta.tetraene.
Mechanical Problems.--Hall's tetrahedron press was used for this
research.
A ma.Jor problem in compressing the liquid cyclooctatetraene was that
of containing the sample under the high pressure.

Initially the sample
.
containers were mde of nickel tubing with solid nickel end pl.ugs. The
end plugs were mchined to ta.per slightly giving a good press fit in the
8aJIJ!l].e tube.

This type of sample container works well with the belt appi.ratus

(14) but fails completely with the tetrahedron device.

The sample appi.r-

ently lea.ks pi.st the end plugs during the pressure runs.

Several modifica-

tions of this type of sample container were tried (see experimental details)
with no results.

It was then found that if the end plugs were constructed

of soft copper instead of nickel or iron the sample was completely contained
during pressure runs as high as 92 kiloa.tmospheres.

Apparently the copper

is sufficiently mlleabl.e to mints.in a tight seal throughout the pressure
run.

Resw.ts.--The subJection of eycl~cta.tetraene to pressures of the
order of 90 kiloa.tmospheres tor over two hours at am;bient temperatures
resulted in the fonnation of a translucent sol.id mterial.

Under these

same conditions for SO ,minutes a low bolling, white product W!:ts obtained.

-120For periods of five minutes or less the cyclooctatetraene was recovered
unchanged.

Table III contains a list of the experiments and the results.

Table III.

High Pressure experiments on cyclooctatetraene.

Ex.. No.

Pressure Atm.
Initial
Final

Tem:12

Time

10-H'

92000

72250

680°c

3 min.

11-H'

92000

88000

?

2 min.

15-H'

53800

53800

25 °C

50 min.

16-H'

49100

49100

25°c 135 min.

17-H'

92000

88000

25 °

170 min.

2'3-H'
24-H'

92000
92000

92000
80000

25
25

120 min.
2 min.

25-H'

92000

92000

25

2 min.

26-H'

92000

92000

25

5 min.

27-H'

92000

88000

25

5 min.

Results
Sample tube crushed.
No product.
Odor of cyclooctatetraene
product lost
Low boiling milky
product lost in gas
chromatograph.
Low boiling milky
product. Some
transparent solid
Some solid, unknown
colorless liquid
Sample lost
No solid. Some liquid
lost in work-up.
Sample case broken next to
cap. Sample lost
C8H8 recovered unchanged.
I. R. run.
C8H8 recovered unchanged.
I. R. run.

In all of the cyclooctatetraene pressure experiments with the exception of experiment 26-H the product occupied less than the total available
space in the sample container.

This indicates that either part of the sample

had leaked out prior to or during the time that pressure was being applied
and that the sample case had resisted complete crushing or that the sample
was in the tube until the pressure was released and that the sample escaped
between the time of pressure release and the opening of the sample tube
(usually just a few minutes).
To determine which of these two possibilities was correct an experiment
that
was run using an empty sarnple tube. The fact/the empty sample tube was
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completely crushed under conditions comparable to the experiments with cyclooctatetraene indicate that sample loss was occuring subsequent to the
release of pressure.

This suggests that some of the starting material was

converted to gases which then escaped after the pressure was released.
The presence of gases from the reaction was not demonstrated.
The identity of the solid material has not been determined.

A com-

parison of the I o R. spectra of the solid with both cyclooctatetraene and
the solid dimer o.f cycloC>ctatetraene (22,23) demonstrates the different
natures of the molecules (Figure I).
A small amount of unlmown liquid was obtained from three different
experiments.

The liquid was recovered by opening the sample cases under

an inert atmosphere in a plastic bag and then forcing all of the gases from
the bag through a liquid nitrogen trap.

The liquid was observed as small

droplets clinging to the walls of the trap.

Attempts to obtain a gas

chromatograph of the liquids failed.
Ferrocene
Background~Ferrocene is a so-called sandwich compound having an
iron a.tom located between two cyclopentadiene rings as shown below"

The

molecule is very stable and behaves very much as an aromatic compound
undergoing many of the same reactions as does benzene (25)o

Fe

The results of subjecting ferrocene to high pressure alone would be
very difficult to predict.

However, if moderate temperatures are combined

with the pressure one might very well expect diamonds to be produced.
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-123It is lmown that diamonds may be synthesized from almost any carbon
containing compound and that iron catalyses the reaction.
Results-The first experiment with ferrocene was run at a pressure
of 103 kiloatmospheres and a temperature of approximately 3000°C.

The

product was a black solid, easily broken up into fine grains which under
magnification appeared to be crystalline and had a purple metallic luster.
Additional experiments were carried out at different temperatures
and pressures in order to determine how the reaction depended on the temperature and pressure.
Table IV.
Ex. No.

The results are shown in Table IV.

Results of High pressure and temperature on ferrocene.

Pressure-Kate

Temp. °C.

Time-sec.

ca 3000

8-H'
9-H'
12-H '
18-H'

103.7
102.4
89.9
91.9
92.2
91.9
91.9
91.9
90.6
92.2

790
718

1180

135
225,
210
300

19-H'

92.2

720

60

21-H'-l

20-H'

92.2
47.0

21-H ' - _l
21-H'-4

47.0
69.6

950
72.3
421
635
650
605
723
410
712

180
180
180

2-H'
3-H'

4-H'

5-H'
6-H'

7-H '

21-H'-2

21-H'-5
21-H'-6

47.0

21-H ' -ll

21+.3
91.9
21+.3
21+.3
69.6
69.6
91.9

22-H'

92.2

21-H'-7
21-H'-8
21-H'-9

21-H'-10

270
585
965
620
730

440

740
630
938

135
135
135

75

180

180
180
180
180
180
180
180

600

180

Product
carbide
ferrocene
ferrocene
carbide
ferrocene
carbide
carbide
ferrocene
carbide
Differential thermal
analysis run failed.
Mixture of ferrocene and carbide
carbide
carbide
ferrocene
mixture
mixture
mixture
carbide
ferrocene
carbide
ferrocene
carbide
some ferrocene
left mostly carbide
carbide

-124It was found that, as in most chemical reactions, the rate depends
directly on the temperature.

The rate also depends inversely on the pressure.

Figure II shows a plot of the change in temperature needed to offset a
change in pressure in order to obtain approximately the same degree of conversion in a constant time.

Tyding (1) gives a value of roughly one degree

centigrade equivalent to 1000 atmospheres, this compares with the value
obtained here of 140 atmospheres equivalent to one degree centigrade.
Figure III shows temperature-pressure stability diagram for ferrocene.
The line is based on reactions occuring within three minutes.

Reactions

run for three minutes at conditions to the left of the line give only
recovered ferrocene while those run at conditions to the right of the line
give carbides and those run at conditions on the line give a mixture of
reactant and products in three minutes.

The product of the decomposition

of ferrocene has been investigated and found to consist mainly of cementite
(Fe c) along with iron graphite, iron carbide and graphite.

3

Lines com-

patable with these chemicals have been observed in the X-ray spectrum of
the product (Table V).
Chemically the product is quite active reacting fairly rapidly with
cold water or dilute acids with the evolution of a gas.
Physical properties that have been determined are:

the density,

2.68 g/cm~, and the resistivity, 15.2 x 103 ohm meters.
The product was analysed with the results shown in Table VI.

In the

two separate analytes on two different experiments the carbon, iron and
hydrogen comprise only 92 per cent of the sample.
8 per cent of the sample is u.nlmown.

The identity of the other

Several possibilities exist:

Nickel

from the tubing could have reacted with the sample forming the carbide,

70
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X-Ray analysis of product from decomposition of Ferrocene.

Table V.
Ex. 12-H'

Cementite3

d Values
Graphite4

J.71

3.36

3.37

2.54
2.38
2.26
2.20
2.10
2.06
2.02
2.01
1.97
1.87
1.85
1.76
1.68
1.61
1.58

2.38
2.27
2.22
2.11
2.07
2.03
2.02
1.98
1.87
1.85
1.74
1.68
1.59
1.55
1.34
1.23
1.16
1.15
1.12
1.10

Iron Graphite3

Iron Carbide 6

3-37
2.26
2.15
2.07

1.69

2.12
2.02

1.82
1.82

1.81
1.81

1.24
1.16

1.35
1.20
1.17
1.15

1.56

1.12

Ni~C, which is quite likely, or the product could have reacted with moisture
in the air before the analyses were run.
Table VI.

Analysis of product from decomposition of ferrocene.
Total

Ferrocene (calc.)
Product
Repeat

C 64.5

H 5.4

C 55°45

H 0.56

C 56.0

Fe JO.l
Fe J6.5
Fe 36.07

100%
92.5
92.08

One high pressure experiment was run using nickelocene, the nickel
(II)analog of ferrocene.
sample was lost.

The sample case exploded during the run and the

No further attempts were made to compress nickelocene.

SECTION III
EXPERIMENTAL DEI'AII.S

FA,uipment
Press--The very high pressure tetrahedron device developed by H. T.
Hall (3) was used for this work (Figure IV).

The device consists of four

hydraulic rams each based at a corner of a tetrahedron and pointed to the
common center.

These rams are supported in position with turnbuckles

between the rams and the steel rods which make up the edges of the tetrahedron and hold the device together.

Each piston is tipped by a cemented

tungsten carbide anvil whose sides taper in to a triangular face normal
to the axis of the ram.

When all four anvils are moved together they

enclose a tetrahedron.
The device is prepared for use by bringing all of the anvils together
until they barely touch.

Each piston is then retracted 0.050 inch.

The

positi on of the top anvil is determined by measuring the distance from the
ram to the anvil collar.

The top anvil is completely retracted, after its

position has been measured, and the sample holder is put in place.

The top

anvil is returned to its measured position and each anvil in turn is moved
in 0.005 inch at a time until a pressure of approximately 1,300 atmospheres
is required to move an anvil.

All four anvils are then driven simultane-

ously against the four faces of the pyrophyllite sample holder until the
desired pressure is reached.
-127-

-128The device is constructed and calibrated such that a pressure reading
of 1 pound on the gauge is equal to lJ.125 atmospheres pressure on the
sample.
Sample holder--The pyrophyllite sample holder (Figure V) is constructed
in the shape of a tetrahedron and is 25% longer at the edge than is the
edge of the anvil face.

This extra length forms a gasket when the sample

is compressed.
The sample, itself, is contained in a carbon or nickel tube which extends through the pyrophyllite tetrahedron from edge to edge.

This tube

serves as a heating element as well as a sample container during compression.
The sample is heated by passing a strong, low voltage current through the
tube.

Figure VI shows a plot of power in watts plotted against the tempera-

ture.

All temperatures in this work were obtained from a power-temperature

plot.
To obtain a high degree of friction between the anvil face and the
pyrophyllite sample holder the pyrophyllite tetrahedron is painted with a
mixture of ferric oxide and methanol.
Cyclobctatetraene
General Procedure.- One milliliter of cycloBctatetraene (K, and K,
pract.) was distilled either by the use of a microdistillation apparatus
(expts , -10-H 1 ; H-H 1 ; 13-H 1 ; 15-H'; 16-H 1 ) or by use of the device shown
below.

All of the distillations were carried out under a vacuum, the

microdistillation apparatus was used at a pressure of 0.5 mm. of mercury
and the inverted U-tube device was used at water aspirator pressures.

The

collecting tube in both procedures was cooled in a liquid nitrogen bath.
The sample tube (nickel tubing was used for all cyclo8ctatetraene
experiments) in the pyrophyllite sample holder was filled with olefin and
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Figure IV.

Figure V.

Very high tetrahedral pressure device of H. T. Hall.

Sa.'Tlple container . Fr om l.::ft t o ri ght , steel end plate,
pyrophylli te cap, st eel curr ent conductor, sample tube
end Gap , s ample tube , pyt'ophyllite tetrahedron.
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Li

u

0

the caps (Figure V) put in place.

0

The sample holder was then painted with

ferric oxide-methanol mixture and after drying the complete sample holder
was placed in a liquid nitrogen bath until inserted into the cavity in the
press.

Pressuz:e was applied to the sample as described under equipment.
Separate experiments-The following experiments were all conducted,

in general, as described above.

The individual variations and results are

included in the following descriptions.
Experiment 10-H'-The pressure was increased to 92 kiloatmospheres
and the t _E3Illperature increased to 135 ° C. and held for 60 seconds, increased to 400 ° C. and hel.A for 60 seconds, increased to 680 ° C. and held
for 60 seconds.

After the final heating it was observed that the pressure

had dropped to 72.250 kiloatmospheres.

The pressure was completely released

and the pyrophyllite removed from the nickel sample ·container.

The nickel

tube was completely crushed and no reactant nor product was observed.
E)cperiment 11-H'-In this experiment the sample was not frozen prior
of
·
to the application;t,ressure. An initial pressure of 92 kiloatmospheres
was applied.

The pressure gradually dropped during the first minute to

89. 9 kiloatmospheres.

During the second minute there was a sudden drop
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in pressure to 87.9 kiloatmospheres.
a short occured in the circuit.

Attempts to heat this sample failed when

After two minutes the pressure was released

and the sample case removed from the pressure device.

The sample tube was

removed from the pyrophyllite case and was found to be only partially crushed.
It was then placed in a sealed bottle.

The sample tube was later cooled

in liquid nitrogen and then cut open and dropped into the barrel of a 50
ml. syringe, the plunger was inserted, the needle end sealed and the
sample warmed to room temperature.

Air was drawn into the syringe and the

gaseous mixture was then injected into a Beckman GC-2 gas chromatograph.
Only the air peak was observed.

It
No peak was observed for cyclooctatetraene

when the olefin was injected into the gas chromatograph.
Experiment 1J-H 1-Pressure was applied to the sample in the usual
manner.

At 59.1 kiloatmospheres the sample case blew out with complete

loss of sample.

The problem was traced to an overlong sample tube.

ExperD!lent 15-H'-The pressure was applied in the usual manner to a
final pressure of 5J.8 kiloatmospheres.
50 minutes at ambient temperatures.

This pressure was maintained for

The sample case was removed and placed

in a small, nitrogen flushed, sealed bottle.

The bottle was then placed

in a polyethylene bag with the tools needed to open the sample case and the
bag was completely collapsed and then partially filled with helium.

The

flexible bag permitted easy manipulation of the tools used in opening the
sample case.

The sample case was removed from the tube and the tube opened.

No product was observed.

The gases in the bag were then forced through a

liquid nitrogen trap by collapsing the polyethylene bag.

A few droplets of

a milky product were observed clinging to the walls of the nitrogen trap.
This material was injected into the gas chromatograph and was lost.
peak was observed.

No

-133:Experiment 16-H'-The sample was compressed at a pressure of 49.1
kiloatmospheres for 135 minutes at ambient temperatures.

The procedure

followed in experiment 15-H' for handling of the sample case and opening
of the sample tube was used in this experiment also.

A few droplets of

milky product was again observed on the walls of the nitrogen trap.

This

material was also lost during an attempt to obtain a gas chromatographic
analysis.

A small piece of transparent solid was removed from the sample

tube but was lost during an attempt to obtain an infrared spectrum.
:Experiment 17-H'-The sample was compressed at 92.0 kiloatmospheres
for 170 minutes.

During this time the pressure gradually dropped to 88.0

kiloatmospheres.

No attempt was made to heat the sample during the applica-

tion of pressure.

The sample case was removed and handled in the manner

Small, clear, colorless droplets were ob-

described in experiment 15-H'.

served in the liquid nitrogen trap.

Introduction of this material into

the gas chromatograph produced no response.

A small amount of solid

material was removed from the sample tube and an infrared spectrum obtained (Figure I).
Experiment 23-H'-The sample tube for this experiment was altered
slightly from those previously used.

The sample tube (shown below in cross

section) consisted of two cylinders, one fitting easily but snugly inside
the otner, each sealed on one end with a soldered nickel plug.

The inner

11

cylinder was filled with the olefin, covered with the outer cylinder and
the sample tube put in the sample case.

A pressure of 92.0 kiloatmospheres

was applied to the sample for 120 minutes at ambient temperatures.

The

pressure was released and the sample case treated as in experiment 15-H 1 •
The sample tube was completely crushed and no sample was found inside.
Experiment 24-H'-In this experiment the sample tube was modified by
soldering one nickel end cap in place.

The sample was then compressed at

92.0 kiloatmospheres for two minutes at ambient temperatures.
two minutes the pressure dropped to 80.0 kiloatmospheres.

During the

The pressed

sample case was treated in the same manner as in experiment 15-H 1 •

The

sample tube was opened and found to contain a small amount of liquid.

This

was not characterized.
Experiment 25-H'-This experiment was a repeat of 24-H 1 •

The pressure

was increased to 92,0 kiloatmospheres and remained there for the two minutes
of the run.

The pressed sample case was handled in the same manner as in

experiment 15-H'.
the end cap.

Examination of the sample tube revealed a break next to

All of the sample had escaped and the tube was completely

crushed.
Experiment 26-H 1 -In this experiment the same type of sample tube was
used but soft copper end plugs were substituted for the nickel end plugs.
The sample was compressed at 92.0 kiloatmospheres for five minutes at ambient.
temperatures.

The pressure remained constant for the full five minutes.

The

sample case was opened and the sample tube was found to be in comparatively
good condition.

An end cap was removed and the sample tube was found to be

full of liquid.

The liquid was identified as the starting material by means

of the infrared spectrum.
Experiment 27-H ' -This experiment was a duplication of experiment 26-H 1
using lead end plugs rather than copper end plugs.

The pressure was increased

-135to 92.0 kiloatmospheres but slowly dropped to 88.0 kiloatmospheres over the
five minutes of the run.

The sample case was removed and the sample tube was

found to be in fair shape but not as good as in the previous experiment.

A

liquid was found in the sample tube which was identified as cyclo8ctatetraene
by means of its infrared spectrum.
Experiment 28-H'-In this experiment an empty sample tube was used in
order to determine the resistance to crushing of the sample tube.
·plugs were used.

The pressure was increased to 92.0 kiloatmospheres and

held there for one minute.
jumps.

Iron end

The pressure increased smoothly with no sudden

After pressure release the sample case was removed and the sample

tube was found to be completely crushed.

The smooth increase in pressure

indicates a steady crushing of the sample tube.
Ferrocene
General procedure-The ferrocene (B. Y. U. Chemistry Department) was
ground up fine and tightly packed into the sample tube.

Tubes of either

carbon with carbon end plugs or nickel with nickel end plugs were employed.
The sample tubes were sealed in the pyrophyllite sample cases which were
painted with ferric o:xid~ethanol mixture and then compressed according to
the procedure described earlier.

Once the desired pressure was obtained

the sample was heated by passing a low voltage high amperage current through
the sample tube.

The power was determined by means of a variable trans-

former and the voltage and amperage read out on appropriate meters.

After

heating for the _desired length of time the power was cut off, the pressure
released and the sample case removed from the pressure device.

The pyro-

phyllit e chipped away and the sample tube removed from the case and opened.
The products were examined both visually and by means of microscopes.

In-

-136frared examination of the carbide gave no information.
completely opaque to infrared radiation.

The material was

:Mic.roscopic examination of a

partially converted sample revealed not only t he starting ferrocene and
the resulting carbide, but also an unidentified white material.

This

material was not observed in samples which had been completely converted
to the carbide.

X-ray powder patterns were obtained with the results

shown in Table V.
Table VII contains the experimental conditions for all of the high
/

pressure experiments with ferrocene.

·,

It was observed that during the heat-

ing if the fer~ocene .was reacting the amperage would decrease and the voltage
increase.

Those experiments in which the ferrocene was partially converted

show this effect very well.

The conversion of the ferrocene to the carbide

apparently begins in the center of the sample and goes toward the ends.

In

all samples in which a mixture of reactant and product was obtained the
product was in the center and the reactant at the ends.
The resistance of the product was measured with a Simpson ohm meter
and the resistivity calculated from the cross _section and length of the
sample.

The resistivity was found to be 1.52 x 104 ohm meter.

This com-

pares with J.5 x 10~5 ohm meter for carbon.
Differential Thermal Analysis-(Ex:pt. 18-H')

A sample tube was pte-

pared as shown below for a differential thermal analysis experiment.

HEATER-~
INSULATOR
CARBON _ _::_~

~~;:=J

SA MP LE
JHERMOCOUP LE

An iron-constantan differential thermocouple was placed in the sample
tube (nickel tube for heating lined with pyrophyllite tube for electrical
insulation) and the reference junction was covered with carbon which half

-137filled the sample tube.

The other junction was covered with ferrocene which

filled the remainder of the tube.

This assembly was fitted into the pyro-

phyllite sample case and a temperature thermocouple junction was placed in
the sample case near the nickel tube.

-

The thermocouple wires were brought

out of the sample cases at the vertices of the tetrahedron. • The sample case
was compressed with a pressure of 92.0 kiloatmospheres and the thermocouples
checked.

The temperature thermocouple wire leading into the sample case was

found to be broken and the differential thermocouple was shorted against the
nickel tube.

No other attempts were made to obtain a differential thermal

analysis.
Effect £f. pressure~ heat .2!! nickelocene.-(expt. 14-H'). A sample
of nickelocene was finely powdered and packed into a•nickel sample tube.
The sample case was prepared as described under the general procedure for
ferrocene.
VIII.

The sample was then subjected to the conditions shown in Table

At a temperature of approximately 2l00°C ·and a pressure of 90.6

kiloatmospheres there was an explosion and the sample blew out.

This ex-

plosion was preceeded by wild gyrations of the needle of the amp meter.
It finally settled on a reading of 264 amps and before the voltmeter could
be read the sample blew out.

After releasing the pressure the sample case

was opened but the nickel sample tube and its contents were not found.
The case appeared to be solid pyrophyllite throughout.

No further runs

were made on nickelocene.
Table VIII.

Nickel0cene pressure experiment

time

ampp

volts

60 sec.

130
187
236
262
300
264

0.74
1.16
1.70
1.88
2.34

60
70
60
35

-

temp.
290
655
1.205
1485
ca2100

pressure
91.9 kats
90.6
88.0

Table VII.
experiment
nwnber

sample
tube

pressure,
Kats.

~-

time (seconds)
to obtain at temp.

2-H'

Carbon

103.7

3-H'

Carbon

102.4

15

4-H'

Carbon

89.9

5-H'

Carbon

91.9

6-H'

Carbon

92.2

7-H'

Carbon

91.9
90.6

15
15

8-H'

Carbon

91.9

9-H'

Carbon

91.9

12...H'

Nickel

19-H'

Nickel

Ferrocene Pressure Experiments.

----

amps.

volts

tsmP•

results

ca 3000

iron carbide

C

120

72

1.24

275

ferrocene recovered

15

60
60

107

86.4

1.60
l.8o

415

ferrocene recovered

15

120

147

2.20

965

iron carbide

113.0

l.8o

620

ferrocene recovered

120

t

115
115

2.10
2.o6

730

720

iron carbide

165

60

119

2. 20

790

iron carbi de

150

60

125

l.90

718

ferrocene

91.9
90.6

120
120

283
269

.30
.88
1.46

172

90.6

192

750

1180

steel end plugs used,
temp. variation due to
mnual coIJtrol. iron
carbide product.

92.2

60

264

.90

720

mixture of ferrocene
and carbide

90.6

90

+

60

585

8

I-'

'vi

?'

20-H'

Nickel

92.2

180

21-H'

Carbon

47.0

180

21-H'-2

Carbon

47.0

180

21-H'-3

Carbon

47.0

21-H'-4

Carbon

69.6

21-H'-5

Carbon

24.3

21-H'-6

Carbon

91.9

t

180

289
120

ll8

84.5
107
103

1.14
2.00
2.02
1.58

101

1.97
1.98
1.98
1.99

150

109
108

90

106
106
104
101

1.98
1.98

l

30

30

60
+
60

j

120

21-H'-7

Carbon

24.3
23.6

180

21-H'-8

Carbon

24.3
23.6

180

21-H'-9

Carbon

69.6

t

+

180

102

ll8
ll3

lll

109
109

71.5

ll3

93.5

96.0

1.90
1.91
1.92
1.93
2.o4
2.07
2.08
2.08
2.10

950

723
718

iron carbide
iron carbide

421

ferrocene recovered

638
610
608
6o4

mixture of ferrocene
and iron carbide

654
61'6

mixture of ferrocene
and· iron carbide

605
607

mixture of ferroc e""le
and iron carbide

600

590

723
705
692
680
687

iron carbide

410

ferrocene recovered

2.10
2.28 '

712
64o

iron carbide

1.52

44o

1.81

\,.)

'°I

21-H'-10

Carbon

69.6

21-H'-ll

Carbon

91.9
90.6
90.0

22-H'

Nickel

92.2

l.8o

!

24o

120
120

60
60

60

t

120

120
n4
ll7
l.08
l.09
l.08
l.07
107

ll9
168
2o4

2.o4
2.08
2.08

1.94

74o
715
700

iron carbide

1.95
1.95
1.95

630
638
635
628
628

snail amount of
f'errocene at ends
of sample and
rem.inder iron
carbide

1.53

295
610
938

no end plugs used in
sample tube. Variation
in temp. due to nanual
control. iron carbide
product.

1.94
.82
1.24

BI
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APPENDIXES

APPENDIX I

[contribution from the Department of Chemistry
Brigham Young University, Provo, Utah]
THE FATE OF THE ANILINO MOIETY IN 1HE REARRANGEMENT OF Q(-ANILINOKETONES, THE MECHANISM OF THE MOHLAU-BISCHLER INOOLE SYNTHF.SIS II
by K. L. Nelson and J . C. Robertsonl
(1)

Present address:

Department of Chemistry, !Colorado State University.
(Abstract)

A crossover experiment was run with 2-(4-chloroanilino)-1-(4- chlorophenyl)-2-(4-methoxyphenyl) ethanone and 2-(4-bromoanilino)-l-(4- bromophenyl)-2-(4-methoxyphenyl) ethanone.

The products of the reaction were

analyzed by means of a mass spectrograph and fragments containing both
bromine and chlorine atoms in the same fragment were detected.
intermolecular migration by the nitrogen moiety.

This indicates

A mechanism is proposed.

Introduction

Since the discovery by Mghlau 2 , that treatment of phenacyl bromide
with heat and excess aniline results in the formation of the 2- phenylindole

- -·• - ---(2)

II

R. Mohlau, Ber . ,

!tt.,

171 (1881) ,

rather than the 3-phenylindole expected from displacement of the halogen
and ring closure, much time and effort has gone into the study of indole

formation.3
(3)

The discovery that two isomericcx.-anilinoketones may result

For a review and references, see Co L. Julian, E. W. Meyer and H. !C.
Printz, "The Chemistry of Indoles 11 , in Heterocyclic Compounds, R. C.
Elderfield, ed., vol. 3, John Wiley and Sons, Inc., New York, 1952,
p. 32.

from the treatment of anQ(-haloketone with aniline under mild conditions4
followed by the demonstration of interconversion of the two.Q<.-anilinoketones5
(4)

I·

S. N. McGeoch and L. S. Stevens,

Chem. Soc., 1032 (1935).

suggested that such a rearrangement may precede the formation of 2-substituted
(5)

C. L. Julian, et. al., J. Am. 'Chem. Soc., 67, 1203 (1945).

indoles.
Several different mechanisms and intermediates have been proposed for the
rearrangement of Q<:-anilinoketones.6-9
(6)

c. M.

(7)

F. Brown and F. G. Mann, ibid., 847, 858 (1948).

(8)

R. E. Lutz and J. W. Baker, I· Org . Chem., 21-,, 49 (1956).

(9)

K. L. Nelson and R. L. Seefeld, J. Am . Chem. Soc., 80, 5957 (1958).

Cowper and T. S. Stevens, l_. Chem. Soc., 1041 (1947).

- - - -· -- -

In the first paper in this series Nelson and Seefeld9 demonstrated the
intramolecular migration of the oxygen moiety during rearrangement.

Scheme A

was proposed as the rearrangement route when a primary amine is employed as
the catalyst and Scheme B was proposed as the rearrangement route when a

-146tertiary amine is employed as the catalyst.
Scheme A

R

-

OH

I
1
+

CHR
2

_;,.

NH

I
R4

Scheme B
0

0

I \

1

R

R - C - CHR
2

I \

- C - CH¾
I

NH
2
I

These schemes provide for intramolecular migration of the oxygen but are

not in agreement with the findings of Cowper and Stevens 6 with respect to the
migration of the nitrogen moiety.

Cowper and Stevens report that the nitrogen

migration is intramolecular.
If the nitrogen moiety moves intramolecularly a rearrangement involving two ketones labeled in the ketone fragments and aniline fragments would
show no crossover or exchange of anilines.

In other words aniline A would

be found with ketone A and aniline B would be found with ketone B.

If on

the other hand the nitrogen moiety moves intermolecularly it would be expected that some product of the rearrangement would have ketone A bonded to
aniline Band ketone B bonded to aniline A in addition to the products where
no exchange has occured.

- 147
Discussion of Results
We initially studied the rearrangement of 2-(4- chloroanilino)- 1-(4chlorophenyl)- l - propanone but found that, although the non- halogenated
analog rearranges readily, the halogenated compound would not rearrange
when a tertiary amine was used as the catalyst.

However, rearrangement was

obtained when £-Chloroaniline hydrobromide was used as the catalyst .

A

tertiary amine catalyst had to be used in the crossover experiment in order
to demonstrate exchange or retention of the aniline moiety.
We then studied the rearrangement of 2- (4- chloroanilino)- l - (4- chlorophenyl)-2- (4- methoxyphenyl) ethanone (I) .

We felt that con j ugation of the

carbonyl group with the anisyl group would act as a driving force for the
reaction .

c1P~H-~ {JoCH,
\._:::_/NH~

rO

0

Cl

The ~ - anilinoketone (I) was rearranged to 2- (4- chloroanilino)- 2- (4- chlorophenyl)~l-(4-methoxyphenyl) ethanone (II) by reacting it with/- picoline
hydrobromide in ethanol at the reflux temperature.

The rearranged Q<.-anilino-

ketone (II) was separated from the reaction mixture by fractional crystalliza=
tion and characterized by means of the ultra- violet spectrum, the infrared
spectrum and the elemental analysis .
After demonstrati ng the rearrangement of the Q(.-anilinoketone (I)
a crossover experiment was carried out .

]4uimolar quantities of I, its

-148bromine substituted analog and l-picoline hydrobromide were dissolved in
ethylene glycol and heated in a bromobenzene vapor bath.

The catalyst and

solvent were removed and the products submitted for mass spectral analysis.
The mass spectral analysis revealed fragments containing both bromine atoms
and chlorine atoms in the same fragment.

To eliminate the possibility that

exchange was occuring during the introduction of the sample into the mass
spectrometer a mechanical mixture of the pure starting~...anilineketones
used in the crossover experiment was introduced inte the mass spectrometer

and the spectrum obtained.

There was no evidence for both bromine and

chlorine atoms in the same fragment.
The presence of both bromine and chlorine atoms in the same molecule
as was obtained in the crossover experiment indicates that the nitrogen
moiety moves by an intermolecular mechanism during the rearrangement of
~-arrl;linoketones.
The proposed mechanism shown in Scheme C for catalysis by primary
amines is essentially that proposed in the first paper of the series.9
Stevens, Blu.mberge and MunklO recently- reported that treatment of Q!_-halo(10)
!

c. L~ Stevens, P. Blum.barge and M. E. Munk, Abstr. of Papers, Am. Chem.
Sec., Meeting, March, 1962, p. 14-0.

ketones containing no ~-hydrogens results in the formation of ~hydroxyimines
presumably through the same epoxy intermediate as is proposed in Scheme

c.

Scheme C
0
R-

l

II
C -CHR

I 2

NH
I

0

R1-

/\
y - CHR2

NH

~4

l

+ R3NH2
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OH

OH
R

I

- C - CHR.2
"

R

I
+
- IC - CHR

2

I

NH

I

R4
l-H+

R

-

,,

0
CH -

I

OH

C -

R

NH

I

I
- ·C=C-

I
NH

I
R4

R4

The mechanism proposed in Scheme Dis for rearrangement catalyzed by
tertiary amines.

This mechanism differs from that previously proposed in

that the catalyst is not displaced from the ketone until after rearrangement
is complete.
Scheme D
0

R

-

I \

C -

I

(]
+

R

CHR
2

H+

OH
R

-

- ~HR
2

I+

(Y';i

0

OH

I

l-H+

C - R2

-150The steps in which proton changes are shown are those steps in which
proton gain or loss is dictated by the nature of the reactant and product
of the step.

It is not possible to give the exact details for all proton

transfers.
Experimental... l
(11)

All melting points are corrected.
p'-Halobenzanisoins.-12.'-Chlorobenzanisoin and 12.'-bromobenzanisoin

were prepared by reacting the corresponding aldehyde with anisaldehyde in a
benzoin condensation.

The 12.'-chlorobenzanisoin was obtained in 11% yield,

m. p. 80.6-82.8° (lit. 12 84.5-85.5°).

The 12.'-bromobenzanisoin was obtained

in a crude yield of 26%,
(12)

W, S. Ide and J. S. fuck, "The Synthesis of Benzoins" in Organic

Reactions, R. Adams, ed., vol. 4, John Wiley and Sons, Inc., New
York, N. Y., 1948, p.

m. p. 67°.

2-(4-Haloaniline)-l-(4-Halophenyl)-2-(4-methoxyphenyl) ethanone.--The
bromo compound and the chloro compound were prepared by reacting the 12.'halobenzanisoin with the corresponding .P.-haloaniline in toluene with phos =
phorus pentoxide at reflux temperature.

The chloro- substituted compound

was prepared in 52% yield, as yellow needles,

m. p. 138.5-140°.

Periodic

acid oxidation yielded .P_-chlorobenzoic acid and anisaldehyde:
Anal. Calcd. for C21H o2NC1 2 :
17
3 • 73 ; Cl, 19. 5 •

N, J.63; Cl, 18.4.
1

Found:

N, 3,32,

The bromo-substituted compound was prepared in 19% yield, as yellow
needles, m. p. 166° (sharp).
Anal. Ca.led. for C21 N o NBr :
17 2
2
3.06; Br, 35.2, 30.4, 36.6, 31,8 .

N, 2,95; Br, 33,7,

Found:

N, 2.86,

- 151hydrobromide was prepared by the procedure of Nelson and
Seefeld9 , m. p. 155.156°.

2-Bromo-l-(4-chlorophenyl)-l-propanone13 was prepared by bromination of

the corresponding ketone in glacial acetic acid, yield 89%, m. p. 80.2-81.6°.
(13)

These chemicals were prepared by Robert Beishline at Brigham Young
University under the direction of Dr. K. LeRoi Nelson.
2-(4-Chloroanilino)- l-(4-chlorophenyl)- l-propanone13 was prepared in

85% yield by the procedure of Julian, et

al.,5 as yellow needles, m. p. 98-

Rearrangement of 2-,&-Chloroanilino)-1-(4-chlorophenyl)-l- propanone. -Five different sets of conditions {Table I) were used in the attempt to cause
rearrangement of this ketone .

The solvent (50 ml.) was refluxed under nitrogen

for 30 minutes and 5.88 g. (0.02 mole) of the ketone and an equimolar quantity
of the catalyst were added.
time shown in Table I.
to effect rearrangement.

The reaction mixture was then refluxed for the

E-Chloroaniline hydrobromide was the only catalyst
The rearranged.e(-anilinoketone which was white,

was obtained by fractional crystallization, m. p. 78.5- 79.5°.

Its presence

in the reaction mixture was detected by the change in the visible spectrum
of the reaction mixture .
Rearrangement of 2- (4-Chloroaniline)- l - (4- chlorophenyl)- 2- (4-methoxyphenyl) ethanone. - -The.Q(-anilinoketone solution {l.O g., 0.0026 moles, in
25 ml. of 95% ethanol) containing 0.45 g. (0.0026 moles) of o- picoline
hydrobrornide was refluxed under nitrogen for seven days.

The reaction

mixture was then cooled and the crystalline material collected by filtration.
The product was triturated with water and dried.

The starti ng (I) and re-

arranged (II) 2(-anilinoketones were separated by fractional crystallization .

-152Table I
Results of Attempted Rearrangements of 2-(4-·Chloroanilino)
-1-(4-chlorophenyl)- 1-propanone.
_§_~f-V~ .

95% ethanol
95% ethanol

Catal;y:st

Reaction Time

pyridine
h;y:drobromide

24 hours

p-chloroaniline
hydro bromide
·- . ~-- - -

25 hours

Result~. __ _

+

_

no evidence of rearrangement observed

... -

white isomeric ketone
isolated m. p. 78.5_ 72-5°C.

pyridine
h;y:drobroaj..de

70 hours

no evidence of rearrangement observed

95% ethanol

HBr

67 hours

no evidence of rearrangement observed

95% ethanol

f-picoline
h;y:drobromide

180 hours

no evidence of rearrangement observed

pyridine

The rearranged.2<,-anilinoketone (II) is yellow, m. p. 127.0-127.2°.

The

infrared and ultra-violet spectra are compatable with the structures.
Anal. Calcd. for

c21 H17o2NC1 2 :

Cl, 18.4.

Found:

Cl, 18.8.

Crossover Exp~Fiment.--A solution containing 1.00 g. (0.002 mole)
of 2-(4-bromoanilino)-l-(4-bromophenyl)-2-(4-methoxyphenyl)ethanone, 0.813 g.
(0.002 mole) of 2-(4-chloroanilino)-l-(4-chlorophenyl)-2-(4-methoxyphenyl)ethanone and 0.367 g. (0.002 mole) of .ef- picoline hydrobromide dissolved in
50 ml. of ethylene glycol was heated in a bromobenzene vapor bath under
nitrogen for two hours and then allowed to stand at room temperature for
twelve hours.

The reaction mixture was cooled in an ice bath to complete

crystallization and the crystals collected on a Buchner funnel.

The products

were triturated with a 3:1 water- ethanol solution, dried and submitted for
mass spectral analysis. 14
(14)

We wish to express appreciation to Dr . Don Schissler of Shell Develoµnent
Laboratories for the mass spectrometric analysis.

APPENDIX II
ISOMER DISTRIBUTIOO AND RELATIVE
RATES IN THE SULFONATION OF BROMOBENZENE WITH
SULFUR TRIOXIDE

by K. L. Nelson and J.C. Robertson1

(1)

--- -

Present address, Chemistry Department, Colorado State University,
Fort Collins, Colorado.
-

·•

- -- - -

The halogen substituted benzenes have long been considered to be

deactivated toward electrophilic aromatic substitution relative to benzene
itself.
(2)

Ferguson 2 and his co-workers obtained data on the bromination of

L. N. Ferguson, A. Y. Garner and J. L. Mock,
1250-1251 (1954).

l• Am.

tGhem. Soc.·, ']j_,

chlorobenzene, which indicates that the para partial rate factor is greater
than unity.
(J)

Knowles 3 and his co-workers predict that in substitution re-

J. R. Knowles, R. 0. C. Norman and G. K. Radda, I·~- Soc., 48854895 (1960).

actions where the electron demand of the reagent is great the para partial
rate factor will be greater than unity.
(4)

Brown and Stock4 maintain that

L. M. Stock and H. i:c. Brown, i.• Am. Chem. Soc., ~' 1668-1673 (1962) .
-153-

-154this prediction is based upon an incorr ect assumption and is therefore not
valid.
We have studied the sulfonation of bromobenzene in refluxing sulfur
dioxide using sulfur trioxide enriched with sulfur- 35 as the sulfonating
reagent.

We have also studied the relative rates of sulfonation of toluene

and bromobenzene under the same conditions "

An isotope dilution technique was used to determine the isomer
distribution.

In this technique equal amounts of the radioactive product

of the sulfonation reaction was added to predetermined quantities of each
of the pure isomers.

Each isomer was then recrystallized until a constant

specific count was obtained .

The isomer distribution was determined from

the percent activity of each isomer based on the total activity of all thr ee
isomers.
0 . 58

This technique gave the following isomer distribution:

± 0.16%;

meta, 3.6 = .8%; .e_ar~, 96

± 1%.

Ort.h ?,

The relative rates were obtained by slowly adding sulfur trioxide
enriched in sulfur-35 to a solution of bromobenzene and toluene (in a ratio
of 5:1) dissolved in refluxing sulfur dioxide.

The acid products were

neutralized with aqueous potassium carbonate solution o An aliquot of the

aqueous solution was added to 7 . 2 x l0- 2moles of both potassium p_- bromobenzenesulfonate and potassium p_-toluenesulfonate.

The salts were re~

crystallized until constant count rates were obtained.

The counts were then

corrected for the differences in reactivity of the pare positions relative
to the total activity and for the differences in dilution of the radioactive
compounds with the inert compounds.

F,quations 1 and 2 were solved simultane-

ously to obtain the concentration of the t-wo sulfonic acids in the r eaction
mixture.

The letters t and b represent the moles of toluenesulfonic acid

-155t' +b' =T

(1)

+xt') (n2)
n1

t
( b + yb'

(2)

and bromobenzenesulfonic acid respectively, the primed letters refer to the
moles of acid in the reaction mixture and the unprimed letters to the moles
of inactive diluent mixed with the active material.

Tis the total number

of moles of sulfonated material in the reaction mixture.

This assumes

formation of monoacids only and complete utilization of the sulfur trioxide.
P1 and P2 are the percent para isomer formed during sulfonation of bromo-

benzene and toluene respectively and x and y are the fractions of the total
reaction mixture added to the inactive diluting salt.

The final constant

counts are represented by n for the potassium Q-bromobenzenesulfonate and
1

n 2 for the potassium E_-toluenesulfonate.

F.4uation 3 was used to obtain the relative rate of sulfonation of

bromobenzene and toluene.
k toluene

k bromoben..:.ene

=

log

initial toluene concentration
final toluene concentration

log

initial bromobenzene concentration
final bromobenzene concentration

The results of two experiments are kt o1uene/kb romo b enzene equals:
2, 9.66.

By comparing this with

(3)

1, 9.13;

29.5, the relative rate of toluene to ben-

zene, the average value of J.14 is obtained for the relative rate of bromo(5)

K. L. Nelson and J. Duvall, Private Communication.

benzene to benzene.

The partial rate factors calculated from this value are:

-15 6Pf, 18.1; mf, 0.J; . of, O. 05.
These results give added credence to the work of Knowles and his coworkers.
;Experiment a~?~
'' . '

(6)

- -·- - - -

All melting points are uncorrected .
Br~mobenzenesulfony~ chl~rid~s.!..- The £-,!!!_-and 12.-bromobenzenesulfonyl

chlorides were prepared from the corresponding bromoanilines by the procedure

of Meerwein, et al. 7 The sulfonyl chlorides were separated from the reaction

- - ·- - - - (7)

H. Meerwein, G. Dittmar, R. Gelner, K. Hofner, F. Menach and O. Steinfort, Chem. Ber., .2.Q, 841-852 (1957).

- -- - - ---

mixture and hydrolyzed directly to the acid.
Potassium Bromobenzenesulfonates .--The potassium Q-, !!!- and 12.-bromobenzenesulfonates were prepared by hydroly zing the corresponding sulfonyl
chlorides with aqueous solutions of potassium carbonate.

The potassium

m-bromobenzenesulfonate had such poor crystalline character that it was
necessary to convert it to the barium salt .

This was accomplished by adding

a slight excess of barium chloride to a hot aqueous solution of the
potassium salt.

F.a.ch salt was recrystallized until the silver nitrate test

for chloride ions was negative before it was used.
the corres ponding anil;i.nes were:

The overall yields from

o, 69%; !!!., 36%; 12., 53%.

The S-benzyl-

isothiouronium derivatives were prepared .
S-Benzgisothio}g'onium o-bromobenzenesulfonate, m. p. 148.5-151.0°.

-157S-Ben~).isothiouronium m- bromobenzenesulfonate, m. p . 132- 133° .

S-Benzylisothiouronium p-bromobenzenesulfonate, m. p. 177-178°. (lit . 8
170°)

(8)

N. D. Cheronis and J.B. Entrikin, Semimicro Qualitative Organic
Analysis, 2nd. ed., Interscience Publishers, Inc., New York, N. Y.,
1957, p. 696.
Isomer distribution.-Reagent grade bromobenzene (3.80 g. 2.42 x 10-2

moles) was added slowly with agitation to a solution of sulfur trioxide,
(2.9 x 10-2 mole) enriched in S-359, in refluxing sulfur dioxide (approx.

(9)

J. L. Huston, J. Am • •Ch..~ID..• So_s_, Tl, 3049-3051 (1951).

250 ml).

The sulfur dioxide was evaporated off and the products neutrallized

and dissolved in aqueous potassium carbonate.

The aqueous solution was

washed with ether to remove any sulfone present and aliquots were added to
0.0908 moles of each pure inactive isomer .

The potassium salts of the

.9..r!:h.2, and para isomers were used and the barium salt of the
used.

isomer was

A small amount of barium chloride was added to the radioactive material

mixed with the

compound.

The compounds were recrystallized until a

constant count rate was obtained .

The isomer distribution was obtained by

comparison of the molar activities of the three isomers.

The samples were

counted by slurrying the compound in a planchett and counting with a Tracerlab
T G C-14 Geiger tube.

-158ComP!titive sulfonation.--A 5~1 mixture of bromobenzene (45.5 g.,

0.290 mole) and toluene (5e35 g., 3.81 x 10- 2 mole) was dissolved in
approximately 200 ml. of refluxing sulfur dioxide.

Sulfur trioxide (1.2 ml.,

2.9 x 10-2 mole) dissolved in approximately 150 ml. of sulfur dioxide was
added slowly to the reaction mixture with agitation.

The sulfur dioxide was

evaperated and an aqueous solution of potassium carbonate was used to
neutralize and dissolve the products.

Aliquots (20 ml., 0 4 of total solution)
0

of the aqueous solution were added to 0 072 moles of potassium. ,E-toluene0

sulfonate and potassium ,E-bromobenzenesulfonate.

The salts were then

recrystallized until a constant count rate was obtained.
used in equation 2.

The s~ples were counted in a silica gel media using

triphenyltetrawole in toluene as the scintillator.
liquid scintillation counter was used.
Department of Chemistry
Brigham Young University
Provo, Utah

These values were
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APPENDIX III

PRELIMINARY REPORT ON -THE EFF!!-r'l'S OF HIGH PRESSURE
ON FERROCENE AND CYCLOuC·.l.'.A.T.m'RAENE.

Sir:
We wish to report the resul.ts of treating ferrocene with very high
pressure and moderate temperatures and the results of treating cyclo8ctatetraene with very high pressure.
Ferrocene when subjected to very high pressure (102 kiloa.tmospheres)
at ambient temperatures undergoes no apparent reaction as indicated by
compa.rison of the infrared spectra taken before and after pressure applic-a tion.

However, when the high pressure is combined with a moderate tem-

perature the ferrocene decomposes into an app:irent mixture of iron carbides.
The X-ray spectrum of the product shows lines compa.table with cementite,
iron graphite, iron carbide and graphite.
shows:

C, 55.45; H, 0.56; Fe, ;l:,.07.

The analysis of the product

This gives a total of 92°/ 0 •

Tne

remining 8°/o is presuxm.bly oxygen from reaction of the product with
moisture in the air prior to analysis.
ferrocene is:

The percentage composition of

C, 64.5; H, 5.4; Fe, 30.1.

T'ne loss of carbon and hydrogen

presUIJBbly occurs by escape of g;3.seous hydrocarbons.
The rate of conversion of the ferrocene to the carbide depends
directly on the temperature and inversely on the pressure.

The increased

temperature required for the reaction is approximately one degree centigrade per 74o atmospheres.
diagram for ferrocene.

Figure I shows a temperature-pressure stability

The line is based on reaction within three minute:s.
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Temperature-pressure stability diagram of ferrocene.

Physical properties that have been determined for the carbide are;
2

3

the density, 2.68 g./cm. , and the resistivity, 15.2 x 10 ohm meters.
The fresh product is ferromagnetic.
Chemically the product reacts rapidly with water and dilute acids.
Cyclo8ctatetraene was subjected to very high pressures at ambient
tempera tuxes.

In all experiments where the pressure was maintained for

less than fifty minutes cyclo8ctatetraene was recovered unchanged as
shown by comparison of the infrared spectra of the starting material and
product.

For experiments of longer duration a low boiling milky product

was obtained along with a transpa.rent solid.

The liquid was lost in all

cases before it could be characterized. The solid material differs from
the solid dimer1 of cycloBctatetraene in the infrared. More work is
(1)

L. E. Craig, Chem.~-,~' 103 (1951).

being done on this problem.
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ABSTRACT

Part I
The rearrangement of Q:('.-anilinoketones was
studied in an effort to determine the mode of movement of the nitrogen moiety.

A

crossover experiment

was carried out with an equ:imola.r mixture of 2-(4bromoa.nilino)-1-(4-bromophenyl)-2-(4-metho:xyphenyl)
ethanone and 2-(4-chl.oroanilino)-1-(4-chlorophenyl)
-2-(4-metho:xyphenyl)ethanone with
bromide as the catalyst.

f- picoline hydro-

The reaction product was

analysed by means of a mss spectrograph.

The re-

sults of the analysis indicate a crossover of the
nitrogen moiety during rearrangement.

This indicates

that the nitrogen moiety moves in an intermolecular
manner during the rearrangement.
Part II
The isomer distribution from the sulfona.tion of
bro.mobenzene with sulfur trioxide was determined by
the isotope dilution technique.

Bromobenzene was

sulfona.ted with labeled sulfur trioxide

(S-35) in

refluxing sulfur dioxide and aliquots of the reaction
mixture were added to equ:imola.r quantities of the
1

pure i,omeric bromobenzenesulfonic acids.

Each isomer

was then recrystallized until a constant count rate
was obtained.

The isomer distribution was then ob-

tained by comparing the activity of the individual
isomers to the sum of the activities of all three
isomers.

This gave the following results:

0.6 ± 0.2; Meta, 3.6 ± 0.8;

Ortho,

Efil:!, 95.9 ± 0.6.

A competitive sulfonation between ,bromobenzene

and toluene was run using sulfur trioxide (S=35) in
liquid sulfur dioxide as the sulfonation agehto

An

isotope dilution ,technique was used to obtain the
relative amounts of sulfonated bromobenzene and
toluene in the reaction mixture.

The relative rate

of sulfonation of toluene to bromobenzene is 9.4.
Comparing this with the toluene-benzene rate ratio 0f
29.5 gives a bromobenzene-benzene rate ratio of 3.1.
Part III
Cyclo6ctatetraene and ferrocene have been su~
mitted to very high pressure (up to 92 kiloa.tmospheres)
and in the case of ferrocene moderate temperatures have
been simultaneously applied (up to 900° C

0 ).

Cyclo6ctatetraene when held at pressures in excess
of 54 kiloatmospheres for longer than one hour breaks
down into a transparent solid and lw boiling liquid.
The identities of the solid and liquid have not been
dete:rminedo
2

Ferrocene breaks down into a mixture of iron
carbides as shown by the x-ray powder pattern.

This

breakdown occurs at 605°c. at a pressure of 24.3

kiloatmospheres and the temperature of decomposition

is proportional to the pressure with a proportionality

constant of 0.74 ki1oa.tmosphere/oc.

3

